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ABSTRACT
INVESTIGATION OF HEAT TRANSFER IN STATIONARY AND ROTATING U-DUCT PASSAGE
REPRESENTING INTERNAL COOLING OF GAS TURBINE BLADE CHANNEL
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Mandana Sheikhzad Saravani
The University of Wisconsin-Milwaukee, 2020
Under the supervision of Professor Ryoichi S. Amano
Gas turbines are used in various systems, including in power plants, marine, and aircraft
propulsion engines. The airflow in gas turbines can reach temperatures as high as 2000 K that
exceeds the softening points for most high-performance blade materials, such as special steels,
titanium alloys, and super-alloys. Preventing thermal failure in the turbine-blades has driven
many technological advances in materials science and mechanical design. In this thesis, the
main focus is on improving the performance of the internal cooling channel technology. In this
study, the optimized thermal behavior of the coolant gas and surfaces in turbines by
incorporating novel internal cooling channels is modeled. Various computational simulations
for modeling the minute details of the fluid dynamics of the coolant in blade airfoil channels are
performed. This computation is done by the Large Eddy simulation method and implementing a
conjugate heat transfer model. Many computational parameters are included to capture the
details of airflow and hot surface interactions. These parameters are materials surface
properties, Coriolis and centrifugal buoyancy forces due to rotation, effects of
separating/reattaching shear layers, and the secondary flows induced by the bending regions.
The maximum blade temperature and its impact on the heat transfer coefficient (The Nusselt
number) are determined.
ii

In this thesis, the following major challenges that were not considered in earlier investigations
were targeted
1- A heat transfer method to present the heat transfer distribution and flow behavior near
realistic gas turbine operating conditions.
2- Turning region turbulator design that causes less pressure drop along the channel and
enhances the total heat transfer coefficient.
3- The combined physical and geometrical effects on heat transfer efficiency.
4- Validating the numerical results with an experimental set up that can provide similar gas
turbine operating conditions.
5- Heat transfer correlation for calculating local Nusselt number for a developing flow
passing the channel.
This study deliberates the channel turning effect and revealed the importance of this
phenomena on the cooling channel's overall heat transfer performance and pressure
distribution. Turning guide vanes that enhance the heat transfer coefficient in the turning
region of the channel are designed. This study found the optimum guide vane design and rib
turbulator configuration that led to a 1.5 times increase in the heat transfer coefficient of the
system. Also, it is found that the Nusselt number strongly depends on the Reynolds number. In
order to explain the relationship between the Nusselt number and Reynolds number, the
Nusselt number is characterized by smooth wall channels and developed a new correlation
between the Nusselt number and the Reynolds number. The Nusselt number calculated based
on this proposed relationship captures the developing flow and turning the region's effects on

iii

the local Nusselt number. It also has a better agreement with the numerical and experimental
results. This correlation can be a reference for similar studies.
For the experimental heat transfer investigation, the experimental setup was built, and it
reached the maximum rotation speeds up of 1500 rpm. Achieving this rotational speed is
mechanically challenging and is considered substantial to similar experimental setups. This
experimental setup enabled the execution and evaluation of the numerical predictions. For the
test section in this study, the same size geometry that modeled in the numerical study is
designed and built. The corresponding boundary conditions used in the numerical study are
implemented in the experiment. An innovational method to record temperature measurement
in the rotational motion is used. A series of miniature portable wireless thermocouple
connectors and data loggers, and a wireless receiver to measure and collect temperature values
at various points along the channel were implemented. Different thermocouple at the different
channel’s cross-section location, taking the average temperature in each cross-section, are
utilized. This method provided real-time data at high speed. Air bulk temperature is calculated
at each cross-section by using the recorded experimental data. This method of calculating the
Bulk temperature before investigating the heat transfer along the channel is one of the
novelties of the experimental study. After measuring the heated wall temperature and bulk
temperature along the channel, the heat transfer coefficient in both stationary and rotational
motion is calculated. Results from this study are in good agreement with the numerical results
that approved the accuracy of the test section.
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1 Introduction
1.1 Gas Turbine Efficiency
Power generation and aeronautical industries are always subject to increase the power
generation capacity. For a gas turbine cycle, the working principle is based on the Brayton
thermodynamic cycle, presented in Figure 1-1. In an ideal cycle, compression of fresh air (a-b)
and expansion of burnt hot gases (c-d) are assumed to be isentropic. In contrast, the
combustion of the fuel-air mixture (b-c) and the gas exhaust to the atmosphere (d-a) are
considered isobaric processes.

(a)

(b)

Figure 1-1:(a) Schematic of an ideal Bryton cycle,(b) Thermodynamic states of Bryton Cycle[1]

In the Bryton cycle, increasing the power generation means improving the thermal efficiency
of the gas turbine. To satisfy these requirements, increasing the turbine’s inlet temperature is
one of the most effective ways. The ideal Brayton cycle efficiency equation can be shown in
Equation 1-1.
ɳ𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 1 −

𝑇𝑇𝑎𝑎
𝑇𝑇𝑏𝑏

Equation 1-1

Also, maximum power in the Brayton cycle can be calculated from Equation 1-2.
1

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚̇𝑐𝑐𝑝𝑝 𝑇𝑇𝑎𝑎 �

Equation 1-2

𝑇𝑇𝑐𝑐
𝑇𝑇𝑐𝑐
− 2� + 1�
𝑇𝑇𝑎𝑎
𝑇𝑇𝑎𝑎

Hence, in real applications such as a gas turbine engine, it is necessary to understand the effect
of increasing temperature and thermal stresses on the turbine component.

1.2 Objective
Figure 1-2 illustrates the specific core power for various engines as a function of the inlet
temperature of the inlet flow and increasing temperature presented by Koffi and Meese. As
was shown, there is a direct relationship between increasing the specific core power and
increasing the inlet temperature.

Figure 1-2: Specific Core Power with Turbine Rotor inlet temperature[2]

Increasing the inlet temperature applies a significant amount of thermal stresses on the
blades. Blade failure can account for the severe effects of these thermal stresses. Therefore,
various cooling technologies have been implemented on gas turbine blades to prevent any
2

thermal failures. Among these technologies, the internal cooling system is one of the most
effective approaches to reduce blade temperature. In this technique, many internal channels
drilled or molded into the vanes and blades. Utilizing these channels in the blade removes heat
from more extensive areas of the blades.

1.3 Methodology
In the presented study, the focus was on implementing a heat transfer investigation for a
flow passing the internal cooling channel. Both stationary and rotational motion were studied.
For the rotational motion, the primary attention in this study would be on the effect of
Reynolds number, density ratio, and high rotation number (up to 1.5) on the heat transfer
coefficient. The methodology used in this thesis is defined as follows:
•

Introducing various turbulence models used to solve the Navir-Stokes equations and
near-wall treatment to resolve the near-wall viscous region

•

Using commercial Computational Fluid Dynamics (CFD) software to solve the heat
transfer phenomena in the channel under the study

•

Study the effect of high rotation number and Reynolds number on the flow field in a
square channel with a smooth channel and various rib configurations

•

Introducing turning guide vane and their effect on increasing the turbulence and heat
transfer

•

Result verification using the same size experimental set up.
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2 Chapter 2: Turbine Blade Cooling: State of the Art and Technology
2.1 Turbine Cooling Requirement
The need for achieving higher thermal efficiency in the gas turbine has promoted a great
effort in advancing better and efficient techniques for cooling the turbine blades. Advanced gas
turbines operating temperature can be as high as 3000K. This high temperature at the rotor
blade can exceed the melting temperature of super alloyed used in turbines. Thus, to prevent
any blade thermal failure, it is necessary to implement novel cooling systems that can remove a
significant amount of heat from the gas turbine blades. Among all the blade cooling systems,
optimizing the internal cooling of the gas turbine blade becomes very crucial to have high
thermal performance. As the operating temperature in the gas turbine increases, the internal
cooling channel, and its system becomes more complicated. Furthermore, due to the gas
turbine working condition, designing an efficient cooling system involving many physical and
geometrical aspects. defines some of the main challenges in developing an internal cooling
system.

Cooling
Aerodyn
amics

Cost

Internal
cooling
challenges

Weight

Stress

Perform
ance

Vibration

Mechani
cl

Figure 2-1: Design challenges in internal Cooling
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A study done at the Von Karman Institute, describes different types of failure mechanism
happen in the blade failure. Table 2-1 shows only the primary failure mechanism of blade
failure. Here two common and vital factors that enhance the blade failure were discussed.
•

High temperature

It is one of the major reasons for blade failure; a higher temperature gradient brings the
damaging effect on service life. As is shown in Table 2-1, a large temperature gradient causes
corrosion and creep on the blade.
•

High Stress

Rotational motion induces centrifugal forces and fluid forces, which can cause the fracture,
yielding, and sometimes creep failure. Gas turbine operation condition is involving a
combination of vibration and high temperature. High vibration usually causes fatigue, which is
one of the common types of failure.
Table 2-1: Main Failure Mechanism of the Blade Failure[3]

Mechanism

Temperature

Corrosion

15ºC

Creep

15ºC

Low Cycle Fatigue

30ºC

High cycle Fatigue (Vibration)

Independent of temperature change
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2.2 Cooling Technology
Gas turbine blades are cooled by using a combination of traditional cooling concepts and
novel cooling technologies. The objective of the blade cooling is to maximize the heat removal
from the blade surface and increase the thermal efficiency of the gas turbines.
Cooling technologies can be classified into many different groups. It can be impingement
cooling, which mainly focuses on cooling the inner surface of the leading edge. The internal
cooling removes heat from the internal blade surface through convective heat transfer. The
other cooling group is film cooling or external cooling. In this cooling approach, the blade
surface is protected from the hot gases using a film of cooling air. In this chapter, a brief
description of these methods has been revealed.
Figure 2-2 describes the modern cooling technique, which contains three internal cooling
zones in a turbine blade. It can be seen from the figure, the blade is hollow, which let the
cooling air pass through in the channel. The main internal channel consists of serpentine
cooling passages, which are ribbed roughened. The leading edge is cooled by an impinging
coolant on its inner surface. Also, the trailing edge is provided with pin-shaped fins; the
outcome of having this pin is the increase in the heat transfer. After passing the trailing edge
and the tips, a portion of cooling air leaves the internal of the blade. This amount of airflow acts
like a thin, coolant film on the van’s external surface, known as film cooling. The thick film
serves as a cold insulating blanket along the outer surface of the turbine blade. All these efforts
make it possible to have a longer lifetime for the blade and to be able to operate in higher
turbine operating temperatures [4].
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Figure 2-2: Typical airfoil cooling system for the high-pressure turbine blade[5]

The objective of these technologies is to obtain high overall cooling effectiveness with the
lowest losses on the thermodynamic performance cycle.
For this thesis application, the model discussed here has the geometry shown in Figure 2-3.
This type of construction is the most common one. The starting point is the root of the blade
that attached to the body of the turbine; this part has an inlet channel that leads the cooling air
to the blade. This cooling fluid is the extracted air from the compressor of the engine. The air
goes through many channels in the blade and exhausts from the main turbine vein. Based on
the cooling air that interacts with external or internal faces of the blade, there are two types of
cooling systems.

7

Figure 2-3: Blade structure and different cooling system [5]

2.2.1 External Cooling
The objective of external cooling to have better protection of the blade surface faces from
high-temperature gases that come from the combustion[6].In External cooling, two techniques
could be used[7]. Film cooling happens in the secondary fluid, which can be the coolant or
injected fluid at single or many discrete locations along the surface, which exposed to a high
temperature. The reason is to protect the surface in both immediate regions of injection and
the downstream region. In the film cooling technology, cold air injected from the internal
cooling system through small holes, which are located on the airfoil part of the blade. The
external cooling technique depends on many parameters such as flow properties, the injection
geometry walls properties, and many other parameters. Han et al. [6] discussed the effects of
these parameters in detail.
The film cooling reduces the external heat load to the airfoil by lowering the driving
temperature from the local gas temperature. Figure 2-4 shows an overview of the film cooling
8

mechanism. The film cooling effectiveness is a function of injection geometry on the airfoil,
including the hole diameter, hole spacing, effectiveness slot height parameter, density ratio,
and the film coverage.

Figure 2-4: Film cooling mechanism [5]

2.2.2 Internal Cooling System
In the internal cooling of the gas turbine blade, the heat is removed by a variety of
convection and impingement cooling configuration. The main mechanism of this type of
internal cooling is that high-velocity air flows and hits the inner surface of the turbine vanes and
blades. There have been many studies in internal cooling based on the traditional technologies
in this filed. Figure 2-5 describes the developments done in this field from 1950. Here the
techniques for cooling both blades and vanes are going to be discussed.

9

Figure 2-5: Development of cooling technology in gas turbine blade [8]

In the internal cooling technique, the objective is to decrease the blade surface temperature
by increasing the heat transfer between the blade surface and the coolant. The coolant flow is
the extracted air from the compressor of the engine. Since this extraction incurs a penalty on
the thermal efficiency and power output of the engine, it is essential to understand and
optimize the cooling technology for a given turbine blade geometry under engine operating
conditions. Gas turbine cooling technology is sophisticated and varies between engine
manufacturers. A schematic of a turbine blade cooling system is shown in Figure 2-6.
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Figure 2-6: Example of a turbine blade internal cooling system [9]

The internal cooling technique is widely used for the main blade body and the vane section. In
this chapter, a brief description of each cooling technology is going to be discussed.
2.2.2.1 Internal cooling of turbine vanes
Impingement and pin fin cooling are the technologies mostly used for internal cooling of the
turbine vane. Figure 2-7 illustrates vane geometry. As can be seen, coolant air from the
compressor enters the hollow parts of the vane and is distributed between internal jet
impingement and pin fin cooling section on the vane.

Figure 2-7: Schematic of a Turbine Vane Cross-Section with Impingement and Trailing Edge Pin-Fin
Cooling[10]
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2.2.2.1.1 Impingement Cooling
Jet impingement is one of the most effective cooling technologies which remove a
significant portion of heat from the blade van wall. Thus, the jet impingement method is mostly
used in the blade leading edge, where the thermal stresses are high.
The other reason that makes leading walls suitable for this type of cooling technology is that
wall thickness in this area is relatively high, which impinging can remove more amount of heat.
Many factors need to be considered in the impingement cooling techniques such as jet hole
size, holes distribution, cooling channel cross-section, and target surface shape for cooling
channel heat transfer.
•

Jet Impingement from Multiple Jets
There have been many efforts to increase the heat transfer from the vane wall. Metzger

et al.[11] shown that there is a considerable difference between the cooling performance of
multiple jets from single jet striking for a target surface. They showed for various jets; the
Nusselt number is strongly dependent on Reynolds number while there is no significant
dependence on jet-to target plate spacing. Florschuetz et al.[12] and Koopman et al.[13]
studied the impingement cooling technology. Their results show one jet can alter the
performance of another jet. Based on the experimental study that Kercher et al.[14] and
Florschuetz et al.[15] have done; they developed a correlation to calculate the heat transfer
enhancement from an array of impinging jets.
•

Jet Impingement on a Curved Surface

As shown in Figure 2-9, near the leading edge of the airfoil curvature, the target surface
creates different cross-flow behavior. Chupp et al. [16] done a study on the leading edge; they
12

concluded Nusselt number ratio increases as the curvature of the target plate increases. Bunker
et al. [17] researched the comparison of the Nusslet number in Sharper nose radius and
smooth-nosed radius. Their result shows in sharper nose radius yielded more uniform Nusselt
Number distribution. Furthermore, if the bleed from the pressure and suction are equal, there
would be a drastic decrease in the Nusselt number.
2.2.2.1.2 Pin Fin Cooling
As has been shown due to the manufacturing constraint in the very narrow edge of the
blade, pin fin cooling technology is used to enhance the heat transfer from the blade wall in this
region. Many factors must be considered in studying the pin fin cooling. The pin-fin array,
spacing, shape, and size affect the heat transfer distribution in the channel.
There have been many studies on the pin fin configuration. Generally, inline and staggered
array arrangements of pin fin structure widely are used. Metzger et al.[18] studied the
staggered array configuration for circular pins with 1.5 to 5 pin diameter spacing in a
rectangular channel. They concluded a closer space array has higher heat transfer. Chyu et
al.[19] found the heat transfer coefficient is higher for both array configurations. Metzger et
al.[18] and VanFossen [20] implemented an experimental study on the Nusselt number
prediction for different pin fin arrays.
2.2.2.1.3 Dimple Cooling
Dimple cooling usually considers as a back-up for Pin-Fin cooling systems. Many factors
affect the performance of this cooling technique, such as dimple size, dimple depth, distribution
shape. There has been a significant amount of studies on this cooling technology. Many of them
agree that there is no dependence on Reynolds number and channel aspect ratio [21]–[25]
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2.2.2.2 Internal Cooling of the Blade
Due to the increasing demand for more power generation in power in industrial and
aeronautical sectors, gas turbine inlet temperature increased significantly. Thus a constant
improvement in cooling technology is needed to avoid any blade thermal failure. As mentioned
earlier, the internal cooling technique is one of the most effective approaches to reduce the
blade temperature. The advantage of this cooling technology is that it can remove heat from a
large blade surface area. The internal cooling development includes include the introduction of
ribs in the mid-span of the blade, allowing cooling to impinge at the leading edge and placing
the pin at the trailing edge. There have been many studies that focus on the effects of each of
these factors in internal cooling. In the current work, the primary focus is on the impact of
various rib turbulator configuration on heat transfer enhancement.
2.2.2.2.1 Rib Turbulator Cooling
Secondary flow usually increases the heat transfer rate. To improve the secondary flow,
using the rib turbulator in blade design is necessary. Ribs induce secondary flow, which
increases turbulence mixing. Rib turbulence promoters, which usually cast in the internal
cooling passages. Rib installation often depends on the blade size, and gas turbine application.
These ribs can be installed on the pressure and suction walls, or only one side of the wall in the
internal cooling passage, to provide the same amount of pressure to match the external load.
Han et al.[6] devoted many studies stationary channels with and without rib turbulators. In
their studies, various channel geometries and rib turbulator configurations were investigated.
They found the heat transfer enhancement compare with the smooth walls channel was
significant. In installing the ribs, many considerations need to be taken into account.
14

Figure 2-8: A ribbed channel configuration [6]

Figure 2-9 describes the flow separation and reattachment due to the presence of ribs. The
boundary layer is distributed, and the turbulence of the flow increases due to flow separation
and reattachment. These two phenomena result in a higher mixing ratio in the fluid elements
near the wall with the cooler ones in the middle of the stream. When this happens, more heat
will remove from the hot blade wall. However, to achieve the highest thermal performance, it is
necessary to find an optimized rib design and spacing for different channels. Thus, the effect of
rib pitch-to-rib height ratio (P/e), rib height-to-channel hydraulic diameter ratio (e/Dh), and rib
arrangement along the channel on the heat transfer performance were mainly investigated in
previous researches [22], [26].
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Figure 2-9: Flow separation and reattachment around ribs[27]

Rib spacing is one of the most critical aspects of installing ribs on the internal cooling. When
the mainstream flow reaches a rib, flow separation from the surface occurs. After passing the
rib, in the distance between the ribs, which is called rib pitch, flow reattaches. It is essential to
optimize the distance between the ribs since placing them very close together possibly
jeopardize this reattachment zone where high heat transfer is experienced due to mainstream
flow impingement. Also, setting the ribs at a distance more than optimum distance causes in
growing in a boundary layer, which reduces heat transfer.
Han et al. [6] dedicated many years to optimize the thermal performance of the internal
cooling channel. They investigated the physical and geometrical rib parameter effects on the
flow passing through these channels. Their early studies were mainly on the stationary channels
and the comparison of the heat transfer ratio results between the smooth and ribbed wall
channel with various size and geometry. Their results showed that the heat transfer ratio in the
ribbed wall channel had a significant enhancement compared to the smooth wall channels. To
find the optimum rib pitch-to-rib height ratio, Han et al. [26], [28], [29] investigated a wide
range of rib pitch-to-rib height ratios on channels with different aspect ratios. His results for
16

square cross-section channels showed that the optimum rib pitch-to-rib height (p/e) ratio to
obtain the heights heat transfer ratio was 10. Taslim and Wadsworth [30] studied a channel
with an aspect ratio of 1:1, with a wider range of P/e. Furthermore, Liu et al.[31] surveyed a
rotational ribbed wall channel with an aspect ratio of 1:2, and they found another optimum P/e
ratio. They observed that as the P/e ratio decreased, there was a significant increase in the heat
transfer ratio. They also investigated the pressure distribution and discussed it by tracking the
friction factor changes for the ribbed wall channel. They found that by decreasing the P/e ratio,
the friction factor also reduced. The other important parameter needed to be considered in
studying the rib effects is the amount of the rib blockage that is usually discussed as the rib
height-to-hydraulic diameter (𝑒𝑒�𝐷𝐷 ) effect. Han[32] studied effect of different 𝑒𝑒�𝐷𝐷 ratios on a
ℎ
ℎ

square cross section channels. The results showed that in a constant Reynolds number as the
𝑒𝑒� ratio increased, the Nusselt number increased. Taslim and Spring [33] also, investigated
𝐷𝐷ℎ

the relation between 𝑒𝑒�𝐷𝐷 and P/e ratios and their effect on the Nusselt number for a channel
ℎ

with 1:2 aspect ratio. They concluded that as the 𝑒𝑒�𝐷𝐷 ratio increased, changing the P/e ratio
ℎ

didn’t have a significant influence on the Nusselt number.

The cooling passages are not limited to a real straight channel. A common type of these
passages is the ones consist of the first pass with coolant flowing radially outward from the
engine’s hub to the center in the second pass. Another turn would connect the second pass to
the third pass with radially outward flow. Coolant flow in these turns is very complicated, and
the heat transfer is dependent on both the channel and turn geometry. Therefore, it is crucial
to investigate the turning effect on the cooling channel performance.
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Rotation is another factor which affects the flow behavior in the cooling channel. Rotation
induced the secondary flow patterns, which results in an uneven heat transfer ratio at leading,
and trailing walls. Coriolis forces generated by rotation motion can have opposite effects on the
coolant heat transfer performance in an inward flow and channels with radially outward flow.
Besides, there are many Geometrical factors which affect on the heat transfer in the cooling
passages, such as channel geometry, channel aspect ratio, surface geometry. Thus, it is
essential to consider the combined effects of rotation, turn, channel geometry, and flow
condition on the heat transfer in the internal cooling passages. Many researchers have studied
these factors' effects on the heat transfer coefficient and channel cooling performance. An
overview of previous work is presented in section 2.3.

2.3 Literature survey
Studying the internal cooling blades, starting with the stationary and one pass models. In
these studies, surface roughness effect and channel aspect ratio were the primary focus.
Metzger and Sahm[34], were the first group who started studying heat transfer in the multipass flow channels. Their main focus was investigating the forced convection in a two-pass
smooth rectangular channel by changing the divider location and the gap at the 180-deg turn.
Later, Fan and Metzger[35] continue previous work[34], and this time they changed the channel
width. Their results showed increasing the channel aspect ratio increases overall heat transfer.
Han et al.[36], studied the local heat and mass transfer distribution for a stationary two-pass
ribbed channel. Han and Zhang[37] investigated the effect of rib-angled orientation on the local
heat and mass transfer distribution in a stationary three-pass rib-roughened channel. They
found that rib angle, rib orientation, and the sharp 180-deg turn have a significant effect on the
18

local heat transfer distributions. In the other study, Park et al.[38] studied the effects of the rib
angle on five different aspect ratios for a rectangular channel in a stationary case. They
concluded that the heat transfer enhancement for small aspect ratio ducts AR=1:1, 1:2, and 1:4
happened in 60-deg, 45-deg, and 30-deg angled ribs, respectively. While in higher aspect ratio
ducts, AR=2:1 and AR=4:1, the augmentation order is 90-deg or 60-deg, 45-deg, and 30-deg
angled ribs.
Ekkad and Han[39], performed a study on heat transfer distribution in different rib
arrangements in a stationary square channel with a 180-deg turn suing liquid crystal
technology. For this study, they used different rib geometries. Results from their survey showed
the channel with a V-shaped rib has a higher heat transfer coefficient in the first passage. While
in the turn and the second channel, the 60-deg parallel ribs produced higher heat transfer
enhancement.
In all of the above studies for non-rotating channels, it has been observed angled ribs have
better heat transfer enhancement than 90-deg ribs, and the V-shaped ribs have better heat
transfer than angled ribs.
Wagner et al.[40], [41] conducted a detailed experimental study to determine the rotational
effect on the local heat transfer for a multi-pass square channel with smooth walls. They
showed in the first passage; rotation caused a thinner layer on the trailing surface and thicker
boundary layer on the leading surface. These changes in the boundary layer thickness increase
the heat transfer on the trailing wall and decreasing on the leading wall. In the second pass, the
Nusselt number ratios in the leading wall were higher than the Nusselt number ratio on the
trailing wall, which can be counted as the effect of the Coriolis force direction.
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Taslim et al.[42], [43] investigated the heat transfer distribution on a square and rectangular
one pass channel. The channel under the study was a ribbed roughened channel. Their result
showed in the larger aspect ratio; the rotational effect is more significant than smaller aspect
ratios.
One of the critical parameters that need to be considered in internal cooling is the heating
boundary condition. Han et al.[44] studied on the uneven wall temperature effect on local heat
transfer in a rotating two-pass square channel with a smooth wall. Their result showed that
uneven wall temperature on leading and trailing walls changed the density ratio of the flow,
which causes a change in the buoyancy forces. Zhang et al.[45], investigated on the heating
condition effects in the two-pass square duct with angled rib turbulators. They showed the
same impact as Han et al.[44] concluded. Johnson et al.[46] [47], done an experimental study
on a four-pass square channel with rib roughened walls to investigate the effect of Coriolis and
Buoyancy forces on the heat transfer. The experimental study was utilized for a rotational
channel in both clockwise and counterclockwise to ensure both reward and forward flow
condition can be investigated. Their result showed for both the rotation and channel
orientation, change the leading and trailing wall heat transfer coefficients.
Parsons et al. [48][49] investigated the combined effect of channel orientation and wall
heating conditions on the local heat transfer coefficients. The channel under their study was a
two-pass square ribbed wall channel. They reported the effect of Coriolis forces and Crossstream flow were reduced as the channel orientation changed from normal to β=90-deg to an
angled orientation of β=135 -deg. Also, Dutta and Han [50] did a study on the effect of channel
orientation on the heat transfer coefficient for both smooth and ribbed two-pass channel.
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Deng et al.[51] performed an experimental study on a smooth square U-duct and
investigated the heat transfer at high rotation numbers. They showed the correlation between
rotation number and dimensionless location on the heat transfer coefficient. Their results
showed in the leading and trailing wall at high rotation numbers, the heat transfer coefficient on
the trailing wall is more elevated than the leading wall. Wagner et al. [40] worked on heat
transfer differences in a rotating four-pass smooth wall. They found rotation induces Coriolis
forces, which have different effects on trailing and leading walls. In the trailing wall, it improves
the heat transfer, while it has a negative impact on heat transfer on the leading wall in the first
passage. In the second passage, this effect is reversed, and heat transfer enhancement is
significant in the leading wall. Amano and Beyhaghi [52] showed a constant Reynolds number,
increasing the rotation number, boosts the local and average Nusselt number.
There are also many experimental studies on the effect of rotation on the heat transfer ratio. Li
et al. [53] have done a survey on the rotating smooth U-duct, with uneven wall temperature,
they found a critical rotation number for the first passage and also, developed a correlation for
minimum Nusselt number ratio as a function of rotation number. Burberi et al.[54] have done a
numerical and experimental study on the rotational effects on the heat transfer coefficient.
Their results showed rotation has effects on the bending region and causes very non-uniform
temperature patterns.
The effect of density ratio cannot be ignored since it has a significant impact on the heat
transfer on different rotation number. Johnson et al.[46] studied the heat transfer in a fourduct system. Their result showed in a constant rotation number, increasing the density ratio
increases the heat transfer rate in the inlet of the first passage. In the second passage, on the
21

trailing wall, the heat transfer increases due to the low pressure. Wagner et al. [40] also
showed by increasing the density ratio; the Nusselt number ratio increased at the pressure and
suction sides of the walls.
The relationship between the Nusselt number and Reynolds number, in a duct with constant
temperatures boundaries, can be found by the Dittus-Boelter equation [55]. This relationship is
usually recommended to be used when there is a small temperature difference between the
wall and coolant. Sieder and Tate [56] introduced another correlation which is valid for Reynolds
numbers more than 10,000 and a wide range of Prandtl number. In their correlation, viscosity
variation has been considered. Thus, a more extensive range of temperature differences
between the wall and coolant fluid can be used. The other relationship for the Nusselt number
and Reynolds Number is introduced by Colburn[57]. This correlation is close to the DittusBoelter equation; however, it considers all the properties at the arithmetic mean of Bulk and
wall surface temperature. Furthermore, the relationship between Reynolds number and Nusselt
number for a fully developed flow of air in a square duct with smooth walls and constant wall
temperature can be defined by 𝑁𝑁𝑁𝑁∞ = 0.0176𝑅𝑅𝑅𝑅 0.8 [46]. Yang and Fuchs [58] performed a

numerical study for incompressible flow in a rotating duct. They observed in the low Reynolds
number, a pair of secondary flow vortices were developing regardless of the rotation number.
The body forces due to rotation are Coriolis and Centrifuge forces. Sewall et al.[59] carried
out a numerical study on developing flow region in a rotating gas turbine blade, by considering
the Coriolis and Centrifuge forces. They showed that in the same rotation number, heat transfer
on the trailing wall increases by increasing the buoyancy number; however, on the leading wall,
a drop in heat transfer in a Buoyancy range of 0-0.25 has been observed. Li et al. [60] did an
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experimental study on the buoyancy effect on heat transfer in a rotating two-pass square
channel. They found in the same rotational number, higher wall temperature ratio, which
corresponds to higher buoyancy number increases heat transfer on both passages. They also
showed higher buoyancy number in higher rotation number enhance the heat transfer. Huh et
al. [61] found that regional averaged Nusselt number increases with buoyancy number on the
leading wall and decreases with buoyancy number on the trailing wall. Also, in another study,
for a heated condition, Huh et al.[62] concluded the same results for increasing and decreasing
Nusselt number on leading and trailing walls, respectively.
Dutta et al.[63] done an experimental study on the effect of the channel orientation on the
heat transfer coefficient. The channel under this study was a two-pass ribbed triangular
channel. They used two orientation respect to the axis of rotation. Murata et al.[64] excluded
the turning effect by reversing the flow direction to obtain inward and outward flow in a onepass square duct with the roughened wall. From their results, the 60-deg rib has better heat
transfer improvement than a 90-deg rib. They also concluded, there were no significant
changes in the average Nusselt number by counting the effect of radial flow direction. There
was another liquid crystal technique measurement performed by Liou et al. [65]. They used a
rotating two-pass square duct with standard in-line ribs. Their results have a good agreement
with the outcome of Parson et al. [48] study.
Many studies were carried out on the effect of different rib arrangements on the heat
transfer enhancement. Al-Hadharmi and Han[66] did a study for five different rib configurations
for a rotating two-pass square channel. Their result showed the parallel rib orientation provides
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a higher Nusselt number ratio compare with crossed rib orientation. This enhancement is more
significant in the higher rotation number than lower rotation numbers.
Cho et al. [67] studied the effect of rotation in the two-pass rectangular duct by using a mass
transfer method. The channel aspect ratio was 1:2, and the angle of the ribs was 70-deg. Their
results show, due to the 180-deg turn, the rotational effect in the second channel decreased.
Agarwal et al. [68] did an experimental study on a channel with an aspect ratio of 1:4 by using
the same method as Cho et al.[67] used. Their result showed, in the smooth channel, the rate
of heat and mass transfer is lower than the ribbed wall channel. However, in the channel with
normal rib walls, increasing the Reynolds number has a downward effect on the Sherwood
number ratio.
Dutta et al.[6] did a numerical study and discussed the combined effects of Coriolis and
Buoyancy forces near the leading wall. Pascotto et al.[69] studied the effects of rotation on the
flow field inside a radial triangular channel. They measured turbulence intensity under rotation
and stabilizing and destabilizing effects of rotation on the boundary layer. Deng et al. [51] did
an experimental study on heat transfer in a rotating smooth square U-duct at high Reynolds
number. Their results show at high rotation numbers, heat transfer on the trailing wall is higher
than the leading wall. In another study, Deng et al.[70] performed an experimental study on the
two-pass ribbed square channel to observe the effect of pressure drop on heat transfer. They
showed friction factor decrease with rotation number for both heated and unheated channels.
Wagner et al.[40] studied the effects of rotation and density ratio on heat transfer in turbine
blade internal cooling passages. They showed increasing the rotation rates causes significant
increases in heat transfer on trailing surfaces.
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Kiml et al. [71] performed an experimental study on heat transfers, and pressure drop
characteristics in a rectangular passage used different rib angles. They showed the highest
friction coefficient observed for the 45-degree parallel rib pattern, and the highest average
Nusselt number on the ribbed walls obtained for the 60-deg model. Singh and Ekkad [72] were
done an experimental study on rib turbulated two-pass channel under stationary and rotating
conditions with different channel orientations.
Huh et al. [61] did an experimental study on the effect of channel orientation on the heat
transfer in a two-pass smooth and ribbed rectangular channel. They developed a correlation for
buoyancy parameter useful for predicting heat transfer under rotating conditions. Also, they
compared the heat transfer in enhancement for both smooth and ribbed wall channels. Results
showed channel orientation in the smooth wall doesn’t have any significant effect on the heat
transfer; however, changing the channel orientation from 90-deg to 135-deg on the ribbed
channel increases the heat transfer dramatically. Li et al.[60] investigate the buoyancy effect on
heat transfer in a rotating channel. Their experimental result showed in the same rotation
number, increasing the density ratio induces more buoyancy effects, which leads to
enhancement in heat transfer in both passages. Johnson et al.[46] done an experimental study
to determine the effects of buoyancy and Coriolis forces on heat transfer. Their result showed
the effects of rotation are significantly different depending on the flow direction.
Many other parameters affect the heat transfer coefficient in stationary and rotating cases.
One of these effects is the entrance effect. In many studies, a fully developed inlet boundary
condition was considered. However, in a real gas turbine blade, the flow may be developing ,
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which is dependent on the aspect ratio of the channel. The heat transfer behavior is different
for fully developed flow compared with the flow at the inlet.
Kays and Crawford [73] repeated the study done by Boelter et al.[74]. They concluded there is a
dependency between the entrance length and entrance geometry. They also found the Nusselt
Number for a sudden contraction inlet was higher than a fully developed entrance. In another
line of study Han,[75] -Park[76] and Park et al.[77] considered different aspect ratio channels.
Their studies showed, at the entrance, the Nusselt number starts decreasing in the streamwise
direction and reaches a constant value. In the ribbed channels, this constant value happened
after approximately three hydraulic diameters from the channel inlet. In another study Wright
et al.[78]did experimental research on the different channel entrance geometries. They found
that the entrance condition has a significant effect on heat transfer. These effects can decrease
by increasing the rotation number. Wright et al.[79] showed that an entrance contraction
would enhance heat transfer near the entry region of the channel.
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3 Computational Fluid Dynamics of Cooling Channel
Emergence and evolution of computer science have developed fluid flow modeling
eminently. Thom[80], solved the two-dimensional linearized Navier-Stokes equations (Euler
equations) for flow around a cylinder for the first time in 1930. The Computational Fluid
Dynamics (CFD) numerical codes can model three-dimensional Naiver Stokes equation for more
complex flow conditions.
There are three primary methods available to compute complex turbulent industrial flows.
These methods are Reynolds-Averaged-Navier–Stokes (RANS), Large Eddy Simulation(LES), and
Direct Numerical Simulation(DNS) [81]. In this chapter, first, a review of these methods and
computational set up used in this study are going to be presented.

3.1 Fluid Motion and Heat Transfer
For the fluid motion, the Navier-Stokes equations are going to be discussed. Also, an
overview of turbulence and heat transfer models are given.
3.1.1 Continuity
The continuity equation states the conservation of mass, which for all the environment
expects nuclear- reaction is valid. The conservative form is:
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝑈𝑈𝑖𝑖
+
=0
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

Equation 3-1

3.1.2 Momentum
Momentum equation shows a force balance by using Newton’s second law. Forces in the
momentum equation can be categorized as the body force 𝐹𝐹𝑖𝑖 , gravitational force and surface
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forces which can be seen as Tij .The surface forces usually are written as a combination of
pressure and viscous stresses (a.k.a as normal stress and shear stress, respectively ) as :

Equation 3-2

𝑇𝑇𝑖𝑖𝑖𝑖 = −𝑝𝑝𝛿𝛿𝑖𝑖𝑖𝑖 + 𝜏𝜏𝑖𝑖𝑖𝑖

For Newtonian incompressible flow, the momentum equation will be:
𝜕𝜕𝜕𝜕𝑈𝑈𝑖𝑖 𝜕𝜕𝜕𝜕𝑈𝑈𝑖𝑖 𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕
𝜕𝜕
+
= 𝜌𝜌𝑔𝑔𝑖𝑖 + 𝐹𝐹𝑖𝑖 −
+
(2𝜇𝜇𝑆𝑆𝑖𝑖𝑖𝑖 )
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥𝑖𝑖

Equation 3-3

Where 𝐹𝐹𝑖𝑖 denotes any additional body-forces that can affect the fluid motion, such as rotation,
a magnetic or electric field, etc.
3.1.3 Energy
The first law of thermodynamics states that the exchange of energy for a system is the result
of applied work and heat transfer through that region. In its most complete formulation, the
energy equation is:
𝜕𝜕𝜕𝜕𝐸𝐸0 𝜕𝜕𝜕𝜕𝑈𝑈𝑖𝑖 𝐸𝐸0
𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕
+
= 𝜌𝜌𝑈𝑈𝑖𝑖 𝐹𝐹𝑖𝑖 −
+
�𝑈𝑈 𝑇𝑇 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥𝑗𝑗 𝑖𝑖 𝑖𝑖𝑖𝑖

Equation 3-4

Where 𝑇𝑇𝑖𝑖𝑖𝑖 describes the surface forces similar to the viscous and pressure terms in Equation

3-2.𝐸𝐸0 is the total internal energy, including kinetic energy. The energy equation, as displayed

above, is however seldom used and instead, the simplified temperature equation is applied:
𝜕𝜕𝜕𝜕𝐶𝐶𝑝𝑝 𝑇𝑇 𝜕𝜕𝜕𝜕𝐶𝐶𝑝𝑝 𝑈𝑈𝑖𝑖 𝑇𝑇
𝜕𝜕 𝜇𝜇𝐶𝐶𝑝𝑝 𝜕𝜕𝜕𝜕
+
=
(
)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖 𝑃𝑃𝑃𝑃 𝜕𝜕𝑥𝑥𝑖𝑖

Equation 3-5

3.1.4 Rotational Modification

The Navier-Stokes equation is derived and valid for a Newtonian inertial coordinate system,
i.e., System without any forces acceleration. A coordinate system fixed in a rotating structure,
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however, involves both Coriolis and centrifugal acceleration, then the commonly applied
equations are invalid.
By assuming that the coordinate system is fixed or translate with constant velocity, and the
rotation velocity is set, all the acceleration terms in the left-hand side of the momentum
equation can be neglected. Thus, the momentum equations can be rewritten as:
𝑎𝑎𝑖𝑖 𝑐𝑐𝑐𝑐 = 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖 𝜖𝜖𝑘𝑘𝑘𝑘𝑘𝑘 Ω𝑗𝑗 Ω𝑙𝑙 𝑥𝑥𝑚𝑚

Equation 3-6
Equation 3-7

𝑎𝑎𝑖𝑖 𝑐𝑐𝑐𝑐 = 2𝜖𝜖𝑖𝑖𝑖𝑖 Ω𝑗𝑗 𝑈𝑈𝑘𝑘

These terms are often considering as a body force modification to the Navier-Stokes
equation and hence included, with a change in sign, on the right-hand side of the momentum
equation. There is no rotational modification to either the continuity or temperature/energy
equation.

3.2 Flow Model
The Navier-Stokes equation is a non-linear partial differential equation. As it is known, most
of the partial differential equations cannot be solved by known mathematical tools. NavierStokes equations due to the complexity and its nature impose a severe obstacle to the physical
world.
To simplify this equation, a few flow models make it possible to obtain an analytical solution.
The most accurate models are Direct Numerical Simulations (DNS) and Large Eddy Simulation
(LES). Numerical Simulation using Reynolds Averaged Navier-Stokes (RANS) solvers are apart
from numerical approximations also affected by physical similarities in the models for the
turbulence field. For the current study, both SST K-Omega model and Large Eddy Simulation
used. In this part, a brief introduction of both models is going to present.
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3.2.1 SST K-Omega Model
K-Omega turbulence model is a two-equation model that solves transport equations for
turbulent kinetic energy k and specific dissipation rate 𝜔𝜔. This method first proposed by

Kolmogorov[82]. However, there were many improvements in this model and the most crucial
development in this model presented by Wilcox[83].
The two equations are as below:

𝜕𝜕(𝜌𝜌𝜌𝜌) 𝜕𝜕(𝜌𝜌𝑢𝑢𝑗𝑗 𝑘𝑘)
𝜕𝜕
𝜌𝜌𝜌𝜌 𝜕𝜕𝜕𝜕
+
= 𝑃𝑃 − 𝛽𝛽 ∗ 𝜌𝜌𝜌𝜌𝜌𝜌 +
��𝜇𝜇 + 𝜎𝜎𝑘𝑘 �
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
𝜔𝜔 𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕(𝜌𝜌𝜌𝜌) 𝜕𝜕(𝜌𝜌𝑢𝑢𝑗𝑗 𝜔𝜔)
+
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

=

Where

+

Equation 3-8
Equation 3-9

𝜌𝜌𝜌𝜌 𝜕𝜕𝜕𝜕
𝛾𝛾𝛾𝛾
𝜕𝜕
𝑃𝑃 − 𝛽𝛽∗ 𝜌𝜌𝜔𝜔2 +
��𝜇𝜇 + 𝜎𝜎𝑘𝑘 �
�
𝜔𝜔 𝜕𝜕𝑥𝑥𝑗𝑗
𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

𝜌𝜌𝜎𝜎𝑑𝑑 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜔𝜔 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑗𝑗

𝑃𝑃 = 𝜏𝜏𝑖𝑖𝑖𝑖
𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜇𝜇𝑡𝑡 �2𝑆𝑆𝑖𝑖𝑖𝑖 −
𝑆𝑆𝑖𝑖𝑖𝑖 =

𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

Equation 3-10

2 𝜕𝜕𝑢𝑢𝑘𝑘
2
𝛿𝛿𝑖𝑖𝑖𝑖 � − 𝜌𝜌𝜌𝜌𝛿𝛿𝑖𝑖𝑖𝑖
3 𝜕𝜕𝑥𝑥𝑘𝑘
3

Equation 3-11

1 𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
�
+
�
2 𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥𝑖𝑖

Equation 3-12

𝜌𝜌𝜌𝜌
𝜔𝜔
�

Equation 3-13

Also, the turbulent eddy viscosity is computed from:

Where

𝜇𝜇𝑡𝑡 =
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𝜔𝜔
� = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝜔𝜔, 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙 �
𝑆𝑆�𝚥𝚥 = 𝑆𝑆𝑖𝑖𝑖𝑖 −

���𝚤𝚤𝚤𝚤��𝑆𝑆��𝚤𝚤𝚤𝚤�
2𝑆𝑆
�
𝛽𝛽 ∗

Equation 3-14

1 𝜕𝜕𝑢𝑢𝑘𝑘
𝛿𝛿
3 𝜕𝜕𝑥𝑥𝑘𝑘 𝑖𝑖𝑖𝑖

Equation 3-15

However, this version on of the K-Omega model is more accurate than the previous one for the
free shear flow, and separated flow, according to the study by Menter [84] there are still some
weaknesses when there is free streamflow.
3.2.2 LES Model
LES is a time-dependent approach to solve Large scales of turbulence by using the NaiverStokes (N-S) equations. Also, to model small-scale motions by implementing one of the subgridscale models (SGS). The LES approach is beneficial for the turbulence problem with high
Reynolds numbers. Also, this model usually used for assessing other developing turbulence
models.
For the LES model instead of time-averaging, to separate the large eddy field from a small
eddy filed, spatial filtering has been used. This filter described in the Leonard work [85]:
�(𝑥𝑥) = � ∅(𝑥𝑥́ )𝐺𝐺(𝑥𝑥, 𝑥𝑥́ , ∆�)𝑑𝑑𝑥𝑥́
∅

Where G is the specified filter function, and ∆� is the filter width.

LES employs models such as Smagorinsky or Wall-Adapting Local-Eddy (WALE) as an SGS to

solve for the turbulent viscosity. By using the LES model, most of the SGS dissipation generates
due to resolved turbulence fluctuations. We usually assume that the SGS dissipation takes place
at the highest resolved wavenumbers.
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To compare Smagorinsky and WALE SGS, one should note that the Smagorinsky SGS
assumption is based on the mixing length, which makes this method simple and
computationally less expensive, regardless of its limitation due to the damping effects near the
wall. Thus, it is required to use a damping function near the wall to have an accurate result.
While, based on Nicoud and Ducros study[86], WALE is the simplest and the most precise
method to capture the flow behavior near the wall without using damping effects. Now,
assuming the filtering operation used now governing equations can be expressed as below.
The continuity equation:
𝜕𝜕𝑢𝑢�𝚤𝚤
=0
𝜕𝜕𝑥𝑥𝑖𝑖

Equation 3-16

Navier- Stokes equations:

𝜕𝜕𝑢𝑢�𝚤𝚤 𝜕𝜕𝑢𝑢�𝚤𝚤 𝑢𝑢�𝚥𝚥
1 𝜕𝜕𝑝𝑝̅ 𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕 2 𝑢𝑢�𝚤𝚤
+
=−
−
+ 𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
𝜌𝜌 𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗

Equation 3-17

Where 𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖 denotes to the Sub-Grid Scale (SGS) stress tensor, defined as:

Equation 3-18

𝜏𝜏𝑖𝑖𝑖𝑖 = �����
𝑢𝑢𝚤𝚤 𝑢𝑢𝚥𝚥 − 𝑢𝑢�𝚤𝚤 𝑢𝑢�𝚥𝚥

3.3 CFD Set Up

For this thesis application, a U-bend configuration with smooth walls and a 180-degree turn
has been used. The channel has a square cross-section with a hydraulic diameter of 5.08 cm (2
inches). The length of the first and second passes is 514 mm and 460 mm, respectively. Figure
3-1, shows the geometry, inlet/outlet planes, and the rotation axis of the system in more detail.
The channel is allowed to rotate at the speed range of 0 to 1500 rpm, resulting in the maximum
rotation number of 1.5, which is a substantial value as compared to previous studies.
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(a)

(b)

Figure 3-1: U-bend Configuration (a) Inlet/Outlet and rotation axis, (b) Dimensions of the duct

3.3.1 Mesh Independent Study Methodology
The reliability of resolving a simulation is related to the number of mesh. The finer mesh
usually provides more accurate results; however, it increases the computational time. Thus, it is
vital to consider a mesh that gives reasonably acceptable results with lower computational
time. Figure 3-2 describes the velocity counter on the vertical cross-section for the first and
second passage of a smooth wall channel for the same Reynolds number and different mesh
sizes. As can be seen, finer mesh resolution captured better flow behavior in these crosssections. For the 1.8 million mesh size, streamlines were not consistent. Thus, the accuracy of
the results on flow behavior from this mesh size could not be acceptable. For 2.6 million mesh,
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the streamlines were more consistent. However, there was a significant difference between 2.6
million and 10.5 million stream counters. Furthermore, the velocity streamlines contour for 4.8
million, and 10.5 million mesh were similar.

First passage

Second Passage

(a)

First Passage

Second Passage

(b)
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Second Passage

First Passage

(c)

First Passage

Second Passage

(d)

Figure 3-2: Contours of streamline on the normal planes for different mesh size (a) 1.8M (b) 2.6M (c)
4.8M (d)10.5M
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There are many consideration criteria to select the right mesh resolution. In industry,
choosing the mesh resolution usually is based on the expected outcome and what one can
afford computationally. One of the critical criteria is the wall boundary flow, which needs to be
captured accurately. The computational package used for this study is Star CCM+, which can
model the no-slip walls boundary condition. The Law of the wall, known as Y+, is another
parameter that needs to be considered. In fluid dynamics, it describes the average velocity of
turbulent flow at a certain point is proportional to the logarithm of the distance from a selected
point to the wall or the boundary of the fluid region. This concept published by Von Karman
[87]. This non-dimensional value can be defined in Equation 3-19
y+ ≡

yuτ
ϑ

Equation 3-19

In the heat transfer CFD application, it is suggested to keep the wall Y+ less than one. Figure
3-3 shows the wall Y+ value for the smooth U-Bend channel used in this work. Using Y+ less
than one required to use the Prism layer near the walls. Prism layers allow the solver to resolve
the near-wall flow accurately without using a fine mesh near the walls. Furthermore, flow
feature changes such as velocity and temperature gradients are steeper in the viscous sublayer
of the turbulent boundary layer than capturing them from the mesh. Also, using the prism
layers and keep the Y+ less than one allows the turbulent model to resolve the viscous sublayer
directly. Which results in having a reasonably good convergence near the wall. For this study, it
was concluded to use 15 prism Figure 3-4 shows a closer look at the prism layer on the wall of
the channel for this study.
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Figure 3-3: Wall y+ values for the U-Bend Channel

Figure 3-4: A closer look at the prism layer

The turning effect is one of the phenomena in the study of flow behavior along the channel.
Flow behavior in the turning region is very unpredictable. Hence, to capture all the changes and
the turning effect, customize mesh volume defined for this region. Figure 3-5, shows a closer
look at this region.

37

Figure 3-5: Mesh construction in the bending region

As mentioned earlier, Large Eddy Simulation (LES) was mainly used to solve the turbulent flow
equations. There are many approaches to mesh sensitivity analysis for the LES method. Thus, for
the independent mesh study, first, a preliminary K-Omega simulation for a stationary case with
a turbulence intensity of 0.01 was run for various mesh resolutions. The comparison between the
Nusselt number on the bottom wall indicated the correct mesh size. Using this method helped to
find an accurate number of mesh for the RANS models, while to find the right mesh size for the
LES, Kolmogorov length and Taylor Microscale needed to be investigated.
Kolmogorov length ή [88], denotes the smallest scales in the turbulent spectrum. LES results
are close to DNS results. Additionally, Taylor Microscale λ [89], defines it as a dissipative
intermediate length scale. Lengths smaller than the Taylor Microscale are affected by viscosity.
Based on a study by Addad et al. [90], Taylor Microscale can be used to determine the maximum
mesh size to obtain acceptable results for LES. For this work, it was assumed that if the local cell
size length Δ [91] is between the Kolmogorov and Taylor microscale, the results for CFD were
acceptable. These two lengths were calculated for selected mesh size from K-Omega mesh
independent study if the local cell size length was between the Kolmogorov and Taylor
microscale, the mesh size was accepted for the LES simulation.
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Equation 3-22

Furthermore, in LES calculation, choosing the right time step is very vital. Stability and accuracy
are important factors to have a reliable result. The Courant–Friedrichs–Lewy or CFL condition is
a fundamental definition which needs to be considered.
CFL is a condition for the stability of unstable numerical methods that model convection or
wave phenomena. According to the computational gas-dynamics book [92], for each
dependency in a numerical domain, a physical field of relationship should be considered. Thus,
we can say the CFL condition states that the information carries in each time step must be less
than the distance between the mesh element.
It must be mentioned CFL condition cannot be used as an only factor for stability condition, and
there are other stability conditions with a more restrictive requirement than the CFL condition.
The CFL condition can be derived only and intuitively. Assume a simple linear convection
problem of a quantity u:
∂un+1
∂u
i
+α
=0
∂t
∂x

Equation 3-23

Equation 3-23 can be written as an explicit forward scheme shown below:
un+1
− uni
α
i
+ (uni − uni−1 ) = 0
∆t
∆x

Equation 3-24
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Where a is the velocity magnitude, Δt is the time step, and Δx is the length between mesh
elements. Applying Taylor Series Expansion (TSE) to Equation 3-24, diffusion term can be
introduced, which can be written as:

𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛 = 𝛼𝛼

∆𝑥𝑥
∆𝑡𝑡
(1 − 𝛼𝛼 )
∆2
∆𝑥𝑥

Equation 3-25

From the physics of the diffusion problem, it is clear that the numerical diffusion coefficient
must be positive; otherwise, the numerical result is going to be unstable. Also, the 𝛼𝛼

∆𝑡𝑡

∆𝑥𝑥

term in

Equation 3-25, referred to as the Courant number, which is a dimensionless number. From the
numerical diffusion coefficient, it can Courant number must be equal or smaller than one since
any other value larger than one leads to a negative value for numerical viscosity. It can be said
since using a more substantial time step, brings unitability, it is recommended for the explicit
method to use a smaller time step. In this study, as mentioned before, the implicit unsteady
method is going to be used. Although the implicit technique is unconditionally stable, for more
complicated and representative problems, including the current problem, it is recommended to
use the CFL condition as a reference for setting the time step. For the present study, the time
step size was 6.9E-5 seconds along the entire solution time with a 2nd order solution accuracy
considered.
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4 Experimental apparatus and test procedures
4.1 Experimental Set up Introduction
An experimental apparatus designed, built, and assembled at the University of WisconsinMilwaukee. Previously, another similar test rig was developed for investigation of the heat
transfer in a stationary two-pass channel augmented with various types of turbulators [93].
However, due to the rotation of the current setup, an entirely different channel with different
size, material, and additional accessories had to be designed.
Figure 4-1 depicts the rotating platform. It includes two main modules; the primary support
module, which contains the shaft, the motor, and the blower, and the measurement module,
which includes thermocouples and slipring. The slipring supplies power to heaters. Omega®
miniature portable wireless thermocouple connectors and data loggers (MWTC-D-K-915) and a
wireless receiver (MWTC-REC1-915) are installed to measure and collect temperature values at
various points along the channel. 1.5V lithium or alkaline batteries power both thermocouples
and the receiver. Thermocouple probes mounted in the test section with the transmitters
mounted and adhered to the exterior wall of the test section. The receiver is placed further
away from the setup and wirelessly receives the data from the thermocouples and transmits it
to a nearby computer with a USB cable. This arrangement will allow for real-time data
collection and monitoring.
In the main supporting module, air enters the hollow shaft which can rotate with the
rotational speed of up to 1200 RPM. This rotation is enabled by a 7.5 hp, three-phase induction
motor via a pulley. A variable frequency drive (VFD) system will be installed on the motor to
adjust the rotation speed. A cross-shaped component (A-36 steel alloy) is designed, machined
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and then welded in the middle of the main shaft to direct the cold air to the test section (i.e.,
the two-pass square channel) by making a 90-degree turn. The test section is prepared from A36 steel to withstand the high rotational velocities; however, it is augmented with a thin layer
of packing foam and a 0.125mm-thick layer of a resin-based phenolic sheet from inside to
minimize the heat loss from the side walls. Moreover, to balance the test section and to avoid
excessive vibrations under rotating conditions, a counter-weight piece composed of a weightlifting bar and a weight plate with the adjustable position was designed and welded to the
opposite side of the four-way connector. For future reference, a detailed stress analysis of the
counterweight is discussed on 4.2.

Figure 4-1: The experimental test set up
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Figure 4-2 shows the complete test section. The right figure demonstrates a magnified view
of the test section, along with the heaters and thermocouples installed on the bottom surface
of the channel.

Figure 4-2: (left) The entire experimental setup, and (right) a closer look at the test section, the heater,
the thermocouples, and Slip ring

An electric motor drives a belt and pulley system used to rotate the shaft that holds the test
blade and counterweight. The electric motor provides a maximum frequency of 1425 rpm. The
motor wired with a variable frequency drive, which allows an adjustment to the rate of the
motor, but meager rates can cause overheating. Small drive pulley used in the system to enable
the motor to run at a higher frequency. The rpm and diameter are inversely proportional, which
can be explained in Equation 4-1.
𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
�
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Equation 4-1

The driven pulley has a diameter of 6 inches. And the smallest available drive pulley with a 13/8 inches bore diameter is a 3-3/4 inches diameter pulley. From these values, the output of
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the driven shaft would be 890 rpm. This speed allows the variable frequency drive to reduce
the speed of the motor to give the desired lowest speed without harming it, while still allowing
for the motor to produce a high enough speed for later studies if desired. Also, for the belt, the
drive pulley and driven pulley were both able to use an “A” style v-belt, meaning that the top
width is ½ inches while the height is 5/16 inches. Once the pulley sizes were decided, the belt
length could be determined by using the following equation where L is length, D is the diameter
of the driven pulley, d is the diameter of the drive pulley, and C is the distance between the two
centers.
𝐿𝐿 = 2𝐶𝐶 + 1.57(𝐷𝐷 + 𝑑𝑑 ) +

(𝐷𝐷 − 𝑑𝑑 )2
4𝐶𝐶

Equation 4-2

With a distance between the two pulleys of around 14 inches and diameters of the drive and
driven pulleys is 3-3/4 inches and 6inches, respectively, a length of 44 inches attained. A
“Gripnotch” belt chosen because it slips less than a regular v-belt. Figure 4-3 describes the
connecting shaft with the pulley and the motor.

(a)

(b)

Figure 4-3: Experimental setup overview: (a) Connecting Shaft to the motor through the pulley (b) Motor
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4.2 Counterweight Stress Analysis
There are many challenges to run the test safely and accurately. Installing the
counterweight, stress analysis of the bearings, and also providing a cage around the test rig to
avoid any damage in case of shaft failure in the rotational motion, are the most critical
challenges in the test set up. Here a detailed discussion for each of the mentioned challenges is
going to be presented.
Due to the rotation motion, it is necessary to characterize the stress and strain induced by
rotating a shaft and test channel system at a specific rpm. Here data to determine if the shaft
and test channel can rotate safely without the risk of a catastrophic failure provided. The shaft
made of ST37 steel. The tensile yield strength for ST37 steel is about 36,250 psi, and the
ultimate tensile yield strength is 66,700 psi. The stress needs to be lower than the tensile yield
strength for reliable functionality during testing
Figure 4-4 shows the 3-D model, which uploaded into ANSYS. The shaft and union were
designed and assembled in CREO parametric. The bearings were obtained from the McmasterCarr website and assembled on the shaft in CREO parametric.

Figure 4-4: ANSYS 3-D Geometry for the Stress Analysis

45

The mode runs for a static structural model for computational simplicity. Stress analysis was
done by providing various supports and forces on the model to accurately measure the stress
and strain gradients seen by the rotating test section. The model showed the highest stress
concentrations near the bearings, which was to be expected because the two bearings support
the entire rotating system. Figure 4-5 shows the stress concentrations throughout the entire
shaft. The maximum stress seen by the model was 7193.8 psi. This stress is well below the
tensile yield strength of the ST37 steel. Table 4-1 shows the stress and strain concentrations in
the model. However, the maximum stress was likely caused by the remote displacement in
ANSYS. The actual stress concentrations in the bearing discussed below.

Figure 4-5: Stress contour for the entire shaft and bearing system
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Table 4-1: stress and strain concentrations in the model
Maximum Stress from ANSYS
(PSI)

Maximum Yield Stress of ST37
(PSI)

Entire Model

7,193

36,300

Bearing and Shaft

3,133

36,300

The total deformation was also negligible within the model. Furthermore, the maximum
deformation occurred where forces applied to the union. At this point, the opposite forces
applied to the model, mainly the test section weight and the counterweight. The deformation
of the entire model can be seen in Figure 4-6.

Figure 4-6: Total deformation of the entire shaft and bearing system
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The result from the stress analysis gives confidence in running the test safely. However, still
for safety proposes to design and to build a cage around the test area is essential. The cage
designed and constructed is shown in Figure 4-7.

Figure 4-7: Cage structure set up

4.3 Data Reduction
The goal of this experiment is to compare the local Nusselt number in the smooth and rib
roughened channel with the numerical results. In the experimental study, various mass flows
were provided by using the blower. These mass flow rates can be calculated from Equation 4-2.
Also, the Reynolds number can be estimated by the following Equation 4-3. Air at 300K used as
the coolant in this study. Many boundary conditions are going to be discussed in this study;
however, for the experimental research, the flux constant boundary condition is going to be
used. The amount of heat that goes to the system is equal to the electrical power input;
Equation 4-4 describes how to calculate this value. This value will be converted to the heat flux
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over the area of the plate in Equation 4-5. To provide a uniform heat flux to the system, copper
plates utilized at the bottom wall of the channel.
𝑚𝑚̇ = 𝜌𝜌 × 𝑉𝑉 × 𝐴𝐴

Equation 4-3

𝑄𝑄 = 𝑅𝑅 × 𝐼𝐼 2

Equation 4-5

𝑅𝑅𝑅𝑅 =

(𝜌𝜌 × 𝑉𝑉 × 𝐷𝐷ℎ )
𝜇𝜇

𝑄𝑄" =

Equation 4-4

𝑅𝑅 × 𝐼𝐼 2
𝐴𝐴

Equation 4-6

By having the heat flux, convective heat transfer coefficient (h) can be calculated, which
leads to obtaining the Nusselt number. Equation 4-6 and Equation 4-7 describe the equation
that h and the Nusselt number can be derived, respectively. As mentioned before, all the
properties are computed for air at 300K. The Prandtl number for this study is going to be
assumed at 0.7. By using calculated values and the hydraulic diameter and conductive heat
transfer coefficient and using air as the working fluid, the Nusselt number can be calculated
from the experiment. Also, the theoretical Nusselt number for turbulent flow, for now, will be
derived from Dittus Boelter Equation 4-9.
h=

Q′′
(Ts − Tm )

Nu =

Equation 4-7

(h × Dh )
k

Equation 4-8

Nu0 = 0.023 × Re0.8 × Pr 0.4

Equation 4-9

4.4 Experimental Results

An experimental study was applied for both stationary and rotational motion for all the
cases. For each case, the test was run for 30 - 45 minutes to obtain steady temperature, and
different thermocouples were utilized at the different channel’s cross-section locations.
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The bulk temperature at each point was calculated based on the average temperature in each
cross-section. By knowing these temperatures and the heat flux, the convective heat transfer
coefficient and Nusselt number can be calculated.
4.4.1 Smooth Wall Validation
Figure 4-8 and Table 4-2 show the location of thermocouples that were installed on the
bottom wall of the rig for the smooth wall channel.

Figure 4-8: The approximate locations of the thermocouples along the channels
Table 4-2: Location of thermocouples on the bottom of the channel

Thermocouple number
1
2
3
4
5
6
7

Thermocouple Location
15 cm from the inlet plane
20 cm from the inlet plane
25 cm from the inlet plane
35 cm from the inlet plane
48 cm from the inlet plane
54 cm from the exit plane
54 cm from the exit plane
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8
9
10
11
12

40 cm from the exit plane
31 cm from the exit plane
25 cm from the exit plane
22cm from the exit plane
13cm from the exit plane

Figure 4-9 describes the channel average Nusselt number for various Reynolds numbers and
rotation speed in stationary and rotational cases, respectively. As can be seen, increasing the
Reynolds number increased the heat transfer ratio. This trend had a good agreement with the
numerical results.

(a)
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(b)
Figure 4-9: Experimental Nusselt Number Distribution along the channel for Various Reynolds number
and Rotation Speed (a) stationery, (b) Rotation

Figure 4-10 shows the numerical and experimental Nusselt number distribution along the
channel for a stationary and rotational motion for Reynolds number of 12,000 and a rotational
speed of 600 rpm. For the rotational case, increasing the rotation speed increases the buoyancy
effects, which results in increasing the Nusselt number. In all results, as flow reached the turning
region, a significant increase in the Nusselt number was observed. The experimental results
showed a good agreement with the numerical results. For the error analysis, the 95% confidence
level method was used [94]. The scatter bar was calculated based on the standard deviations.
The disparity between the two sets of data can be counted as the inaccuracy of the experimental
data. Due to the current fluctuation in the power supplier, the amount of heat flux and airflow
might slightly change.
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(a)

(b)
Figure 4-10: Experimental Nusselt number distribution along the channel for a U-Bend Channel (a)
Stationary Re= 12000 (b) Rotational cases Re=12000, and ω=600 rpm

4.4.2 Ribbed Wall Validation
Various rib geometries were cut to investigate rib turbulators effects on the temperature
distribution and Nusselt number. Figure 4-11 describes the ribs designs that were used in the
experimental study. These turbulators are made from plexiglass. They were wrapped in the
copper foil and installed on the channel bottom wall. The added rib area was considered in the
Nusselt calculations. The thermocouple probes were utilized between each rib. The
experimental study implemented for the Rib-Pith-to-Rib-Height (P/e) ratio of 10 for all the
configurations.
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(a)

(b)

(d)

(c)

Figure 4-11: Experimental Rib Configuration (a) 45-deg rib,(b) 60-deg rib,(c) 90-deg rib, (d) V-shape rib

4.4.2.1 90-degree Ribbed Wall Validation
Figure 4-12 illustrates the comparison of the experimental results for stationary and
rotational cases for Reynolds number 35000 and rotational speed between 300 and 600 rpm.
Similar to the smooth wall results, rotation increases the heat transfer coefficient due to the
existence of buoyancy forces. Furthermore, from the figure, it can be observed, in a constant
Reynolds number, increasing the rotational speed increased the Nusselt number coefficient.
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Figure 4-12: Experimental Nusselt Number Distribution comparison along the channel with 90 deg
parallel ribs stationary and rotational cases

4.4.2.2 45-degree Ribbed Wall Validation
Figure 4-13 describes the channel average Nusselt number for Reynolds numbers 6000 and
35000 and a rotation speed of 300 rpm in stationary and rotational cases, respectively. As can be
seen, increasing the Reynolds number increased the heat transfer ratio. Also, in rotational
instances similar to the numerical results, in the same rotational speed, increasing the inlet
velocity (Reynolds number) enhanced the heat transfer coefficient.
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(a)

(b)
Figure 4-13: Experimental Nusselt Number Distribution along the channel with 45 deg parallel ribs for
Various Reynolds number and Rotation Speed (a) stationery, (b) Rotation

Figure 4-14 shows the error analysis for rotational and stationary cases. Similar to the
smooth wall channel, for the error analysis, the 95% confidence level method was used. Both
stationary and rotational results showed a good agreement with the numerical results. The
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inaccuracy of the experimental data can be due fluctuation in the power supplier; the amount
of heat flux and airflow might slightly change.

(a)

(b)
Figure 4-14: Experimental Nusselt number distribution along the channel for a U-Bend Channel (a)
Stationary Re= 6000 (b) Rotational cases Re=6000, and ω=300 rpm
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4.4.2.3 60-degree ribbed wall Validation
Figure 4-15 shows the Nusselt number distribution along the channel with 60-degree parallel
ribs installed on the bottom wall. Both Reynolds number 6000 and 35000 results were
presented for stationary cases. Similar to the previous results, increasing the Reynolds number
increased the Nusselt number, especially near the bending region. Rotational results at 300 rpm
with different Reynolds numbers were presented. For the rotational cases, it can be concluded
in constant rotation speed, increasing the Reynolds number increased the Nusselt number.

(a)
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(b)

Figure 4-15: Experimental Nusselt Number Distribution along the channel with 60 deg parallel ribs for
Various Reynolds number and Rotation Speed (a) stationery, (b) Rotation

4.4.2.4 High-Performance V-rib wall Validation
Figure 4-16 describes the Nusselt number distribution for the stationary and rotational
channel with V-Shaped ribs. Reynolds number 35000 and rotation speed 300 and 600 employed
for this study. Similar to previous results, the Nusselt number increased near the turning region.
Furthermore, in a constant inlet condition, increasing the rotational speed increased the
Nusselt number. Despite the differences between experimental and numerical results, a similar
trend can be observed.

Figure 4-16: Experimental Nusselt Number Distribution along the channel with V-Shaped ribs for Various
Reynolds number and Rotation Speed
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4.4.2.5 Guide Vane with Parallel 45-deg rib Validation
Figure 4-17 presents the Nusselt ratio (NU/Nu0) on the bottom wall at various locations for
both experimental and CFD analysis for one guide vane after the bend design. The test was run
for the Reynolds of 6000 and a rotation number of 0.75. It can be seen both rotational and
stationary results are in good agreement with the numerical results. Similar to previous cases,
the sensitivity analysis was obtained built on a 95% confidence level, and the standard
deviations are used to determine the scatter bars.

(a)

(b)
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(c)

Figure 4-17: Comparison of Nusselt number ratio results for the experimental and CFD for case V1 (a)
Stationary Re=6000 (b)Stationary Re=35000, (c) Rotational RO=0.75

As it showed, the Nusselt number had a slight increase in the first passage. After reaching the
turning region, the guide vane creates more turbulence and circulations in the turning region,
which causes an increase in the Nusselt number ratio in this area. After the bending zone, the
Nusselt number starts to decrease smoothly.

4.5 Conclusions
The experimental results were used to validate the numerical findings. A 95% confidence
level was used for the error analysis. Despite the variance between the numerical and
experimental data, the overall trend was similar for all cases. It has also been observed for the
rotational cases that there is more improvement in the Nusselt number ratio compare with the
stationary cases. This improvement may be the result of buoyancy and centrifugal forces
induced due to the rotation.
Differences between provided airflow rate in experiment and CFD can be the main factor for
the inconsistency between the two sets of data. Furthermore, for the CFD analysis, these
Nusselt numbers corresponded to the center-point of each cross-section, while for the
experimental study, the exact location of the thermocouple probes may have been slightly
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different. This effect can be pronounced, especially near the bend region, where higher
gradients of temperature are expected. The Nusselt number ratio trend along the channel for
stationary cases was similar to the previous study performed by Kumar[93]. However, the
operating conditions were different, thus comparing the actual results might not give an
accurate comparison.
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5 Heat Transfer Investigation for a Two-Passage Smooth Wall Channel
Two-Passage (Smooth and Ribbed wall) channel physical model and numerical set up were
presented in chapter 3. In this chapter, a detailed investigation on the effect of Reynolds
number, rotation number, and wall heating condition (density ratio) in a smooth wall channel is
presented.

5.1 Effect of Reynolds number in Smooth Wall Channel
As mentioned in the literature survey, the Reynolds number has a significant impact on the
Nusselt number. Reynolds number can be calculated from Equation 5-1.
𝑅𝑅𝑅𝑅 =

𝜌𝜌𝜌𝜌𝐷𝐷ℎ
𝜇𝜇

Equation 5-1

In this study, first, the effect of Reynolds number on a stationary and rotational smooth channel
investigated. Table 5-1 and Table 5-2 show the cases that have been run in CFD simulations for
stationary and rotation motion, respectively.
Table 5-1: Stationary Cases Parameter Used for Computation and Experiments
Case#

1

2

3

4

5

Rotation speed (RPM)

0

0

0

0

0

Rotation number Ro

0

0

0

0

0

Inlet velocity Vin (m/s)

2.12

3.12

4.15

6.25

12.5

Reynolds Number

6,000

9,000

12,000

18,000

35,000

Table 5-2: Rotational Cases Parameter Used for Computations and Experiments
Case#

6

7

8

9

10

11

12

Rotation speed (RPM)

300

600

300

600

600

600

1500

Rotation number Ro

0.75

1.5

0.38

0.77

0.51

0.25

0.64

Inlet velocity Vin (m/s)

2.12

2.12

4.15

4.15

6.25

12.5

12.5

Reynolds Number

6,000

6,000

36,000

12,00
0

18,000

35,000

35,000
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5.1.1 Numerical Results
5.1.1.1 Stationary Cases
The velocity contours at the horizontal mid-plane for all the stationery cases are presented
in Figure 5-1.
All the stationary cases had the same general velocity pattern; it started with a rather
uniform velocity distribution in the first leg, followed by similar fluctuations in the bend section.
The flow became more irregular in the second leg due to the continuous generation and decay
of the vortices. Turbulent vortices generated in the second leg can be detected by investigating
the contours of velocity magnitude.
For the stationary case with the highest inlet velocity (case e), there was a significant
increase of velocity magnitude in the bend region and the second leg. A large recirculation zone
is also identified immediately after the bend. However, as the inlet velocity decreases (cases a
and b), the size and the form of the recirculation zone changes.

(a)

(b)
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(c)

(d)

(e)
Figure 5-1: Velocity magnitude contours (Uin) at the horizontal mid-plane for stationary cases (a)
Re=6000, (b) Re=9000, (c) Re=12000, (d) Re=18000, and (e) Re=35000

To better visualize the mixing effect, the contours of normalized velocity magnitude, along
with some in-plane streamlines, are presented below.
Figure 5-2 to Figure 5-6 show eight different normal planes that are defined along the
channel for this purpose. For the stationary case, the velocity is quite uniform in the first pass,
and there is no evidence of recirculation. On the contrary, the presence of the vortical
structures and secondary flow patterns is evident in the second pass. The highest velocities are
observed near the walls immediately after the completion of the bend (plane 6). However, the
secondary flow continues to appear to the end of the second pass.
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Plane 8

Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Plane 2

Plane 1
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Plane 8

Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Figure 5-2: Velocity contours on the normal planes Re=6000

Plane 2

Plane 1

Plane 8

Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Plane 2

Plane 1

Plane 2

Plane 1

Figure 5-3: Velocity contours the normal planes, Re=9000
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Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Figure 5-4: Velocity contours on the normal planes, Re=12000
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Figure 5-5: Velocity contours on the normal planes, Re=18000

Plane 8

Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Figure 5-6: Velocity contours on the normal planes, Re=35000

In stationary cases, the heat transfer coefficient is mainly dependent on the Reynolds
number. Figure 5-7 describes the local time-averaged Nusselt number along the channel in
different Reynolds numbers for stationary channels. In the smooth wall channel, by increasing
the Reynolds number, in the first leg, the Nusselt number slightly increased. Then in the bend
region, because of increasing the turbulence and recirculation, the Nusselt number increased
significantly. After the bending area, the Nusselt number started decreasing. However, it is still
more than the Nusselt number in the first channel.

Figure 5-7: Nusselt number augmentation along U-shape channel for different Reynolds number (a) First
Passage, (b) U-bend Region, (c) Second Passage
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As can be seen, as flow passed through the first passage, the Nusselt number decreased, and
by reaching the turning region, the turbulence increased, which resulted in a significant
increase in the Nusselt number. As flow entered the second passage, the velocity of the flow
decreased, which decreased the turbulence and the Nusselt number; however, the Nusselt
number in the second passage is still higher than the Nusselt number in the first passage. It can
be observed that an increase in the Reynolds number has a direct effect on the Nusselt number
enhancement. Due to the absence of the Coriolis and centrifugal forces in stationary cases, the
symmetrical flow field was observed in all the stationary cases.
One of the objectives of this study is to develop a correlation for calculating the Nusselt
number for a fully developing flow in a stationary channel. Numbers of numerical and
experimental investigations were performed for a square inlet cross-section. Various heat flux
was applied at the bottom wall. At each constant heat flux flow, flow behavior for different
velocity inlet was investigated. Based on the CFD and experimental results, the correlation of
Nu = 0.086 Re0.68 was developed for this channel.
5.1.1.2 Rotation Cases
The rotation has a significant effect on the Nusselt number along the channel due to
centrifugal and buoyancy forces induced in this motion. Coriolis forces generate cross-stream
flow patterns. In the first passage, this flow patterns leans the cooling flow to the trailing
surface, while in the second passage, it moves the coolant to the leading surface. Figure 5-8
shows the vector velocity contour at the middle plane for both stationary and rotational cases
for the same Reynolds number. The flow behavior in the rotational cases was significantly
different. In the rotational motion, the higher rate of mixing caused a more uniform velocity
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distribution along the channel, especially in the bending region compared with the stationary
cases.

(a)

(b)

Figure 5-8: Vector velocity contours comparison at horizontal mid-plane for (a) stationary case with Uin
= 4.15 m/s and (b) rotating case with Uin = 4.15 m/s and ω = 300 rpm

In rotational motion, combined effects of physical parameters such as Reynolds number,
heating condition, and rotational speeds brings complexity to the heat transfer study in internal
channels. Thus, to have a better understanding of the rotational effects, the heating condition
was assumed to be identical in all the cases, and constant heat flux of 2700 W/m2 was only
applied to the bottom wall. Three different test conditions were organized as follows. First, for
the same rotational speed, flow with different Reynolds numbers entered the channel. Then in
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a constant Reynolds number, various rotational speeds were applied to the channel. For the
last part of the study, the combined effect of rotation and Reynolds number was investigated.
Figure 5-9 shows the local time-averaged Nusselt number distribution along the smooth wall
channel at the constant rotational speed of 600 rpm. In the first passage, due to the thermal
entrance effects, the Nusselt number was higher near the inlet, while it decreased along the
channel. In the bending region, the U-turn induced the additional secondary flow vortices. This
increased the Nusselt number regardless of the Reynolds numbers and started decreasing in
the second channel. It can be concluded that in the same rotational speed, Nusselt number
behavior is independent of the rotation number changes.

Figure 5-9: Effect of Reynolds number on the Nusselt number in the same rotational speed ω = 600 rpm
(a) First Passage, (b) U-Turn Region, (c) Second Passage
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Same as the stationary cases, in a constant rotational speed, increasing the Reynolds
number increased the local time-averaged Nusselt number. However, in the same Reynolds
number and different rotational speeds, the local time-averaged Nusselt number is much
dependent on the Rotation number. Figure 5-10 shows the local time-averaged Nusselt number
along the rotational smooth wall channel for the Reynolds number of 35,000.

Figure 5-10: Effect of rotational speed on the Nusselt number with the same Reynolds number Re =
35000 (a) First Passage, (b) U-Turn Region, (c) Second Passage
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Figure 5-11 describes the combined effect of Reynolds number and rotational speed. From
the results, it can be concluded that the increase in both parameters was in favor of increasing
the heat transfer coefficient. Increasing the rotational speed increased the rotation number,
which resulted in an increase in the heat transfer coefficient in both passages.

Figure 5-11: Combined effects of rotational speed and Reynolds number on the Nusselt number (a) First
Passage, (b) U-Turn Region, (c) Second Passage
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5.1.1.3 Pressure Drop Comparison
Another critical factor that needs to be considered in investigating the flow behavior in the
cooling channel is the pressure losses. The pressure drop effects can be presented by
calculating the friction factor. The friction factor, f, can be represented by the fanning factor in
Equation 5-2 [31].

f=�

Dh
∆p
�
��
2L ρUm 2

Equation 5-2

In order to present the normalized friction factor, in this study, the correlation which was
proposed by Blasius [24] for the friction factor in a smooth circular tube was used, Equation 5-3.

Equation 5-3

f0 = 0.079Re−0.25

Where L is the channel length, 𝜌𝜌 is the cooling air density. Figure 5-12 presents the numerical

results for the friction factor ratio for the rotational and stationary motion for different

Reynolds numbers. It can be seen the secondary flow induced due to the rotation and existence
of buoyancy forces reduces the friction factor compared with the stationary motion.
Furthermore, at the constant rotational speed, increasing the Reynolds number is in favor of
reducing the pressure drop.
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Figure 5-12: Friction factor ratio comparison in stationery and rotation cases

5.2 Effect Wall Heating in constant Reynolds number
The Wall heating condition is one of the critical parameters in the study of heat transfer in a
U-bend duct. Different heat flux applied to the bottom surface while all the other walls
assumed to be adiabatic. By using this boundary condition, the wall heating effect on the heat
transfer coefficient studied. For this part of the study, the Reynolds number was constant at
12000. To present the results average density ratio definition used. Local fluid density ratio can
be defined by Equation 5-4.
∆ρ Tw − Ti
=
ρ
Tw

Equation 5-4

Summary of all the stationary cases and the results are presented in Table 5-3.
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Table 5-3: Summary of Stationary Cases with variable heat flux

Case

Heat

Mean Density

Number
1

Flux(𝑾𝑾� 𝟐𝟐 )
𝒎𝒎
2,700

4.15m/s

0.13

2

12,500

4.15m/s

0.49

3

16,200

4.15m/s

1.09

4

25,150

4.15m/s

1.89

Inlet Velocity

Ratio(

∆𝝆𝝆
𝝆𝝆

)

5.2.1 Numerical Results
5.2.1.1 Stationary Results
Velocity vectors for all the cases are presented in Figure 5-13. Velocity profile for all cases
follow a similar trend. In the first passage, the velocity profile for all the cases showed a
uniform pattern. However, in the bending region, as the density ratio increases, more
recirculation zone observed. More turbulent vorticities are generated as the flow passes the
bending area and enters the second leg.
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(a)

(b)

(c)

78

(d)
Figure 5-13: Velocity vectors for (a) q=2700 𝑊𝑊� 2 (b) q=12500 𝑊𝑊� 2 (c) q=16200 𝑊𝑊� 2 (d)
𝑚𝑚
𝑚𝑚
𝑚𝑚
𝑊𝑊
q=25000 � 2
𝑚𝑚

Temperature distribution at the horizontal mid-plane is shown in Figure 5-14, the mid-plane
temperature increases along the channel. The increase in the temperature can be the result
attributed to the higher local velocities. Also, by increasing the density ratio in the same inlet
velocity, increasing the temperature beyond the bending area and second leg, is more
significant.
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(a)

(b)

80

(c)

(d)
Figure 5-14: Temperature distribution (a) q=2700 𝑊𝑊� 2 (b) q=12500 𝑊𝑊� 2 (c) q=16200 𝑊𝑊� 2 (d)
𝑚𝑚
𝑚𝑚
𝑚𝑚
𝑊𝑊
q=25000 � 2
𝑚𝑚

Figure 5-15 shows the heat transfer augmentation in different density ratios. By changing

the wall heating condition and increasing the density ratio, an enhancement in the heat
transfer coefficient was observed in the channel, especially in the bend area.
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Figure 5-15: Heat transfer augmentation along a smooth wall U-shape channel in different heat fluxStationary case

5.2.1.2 Rotational Results
Besides the geometry challenges in the turbine cooling technologies in a rotating channel,
effects such as Buoyancy forces play a significant role in the heat transfer trend in the cooling
channel. In order to investigate the impact of rotation on the heat transfer coefficient, it is
essential to know the relationship between Nusselt number, Buoyancy number, and rotation
number [53], [55], and [95].
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𝑁𝑁𝑁𝑁𝑖𝑖 = 𝑓𝑓 �
𝑅𝑅𝑅𝑅 =

𝑅𝑅𝑅𝑅 =

𝑥𝑥𝑖𝑖
, 𝑅𝑅𝑅𝑅, 𝑅𝑅𝑅𝑅, 𝐵𝐵𝐵𝐵�
𝐷𝐷ℎ

Equation 5-5

𝜌𝜌𝜌𝜌𝐷𝐷ℎ
𝜇𝜇

Equation 5-6

Ω𝐷𝐷ℎ
𝑈𝑈

𝐵𝐵𝐵𝐵𝑥𝑥 = �

Equation 5-7

∆𝜌𝜌
𝑥𝑥𝑖𝑖
� . 𝑅𝑅𝑅𝑅 2 .
𝜌𝜌
𝐷𝐷ℎ

Equation 5-8

𝑁𝑁𝑁𝑁0 = 0.023. 𝑅𝑅𝑅𝑅 0.8 . 𝑃𝑃𝑃𝑃 0.4

Equation 5-9

Typically, heat transfer in a two-Passage Channel was studied at different rotational
numbers. Table 5-4 describes the rotation cases for this study. As shown in Equation 5-8,
Buoyancy is a function of wall heating condition (density ratio) and rotation number. Thus, in
this study for each rotation number, different constant heat fluxes were applied to the bottom
wall, and the Nusselt number distribution was investigated.
Table 5-4: Summary of rotation cases

Case#

1

2

3

Rotation speed (RPM)

600

600

600

Angular velocity Ω (rad/s)

62.8

62.8

62.8

Rotation number Ro

0.25

0.51

0.75

Inlet velocity Uin (m/s)
Reynolds number

12.5
35000

6.25
18000

4.15
12000

Figure 5-16 describes the average heat transfer augmentation along the heated wall for
different rotation numbers and density ratios. As it can be seen in Figure 5-16, by increasing the
rotation number in a constant density ratio along the channel, the Buoyancy number increased
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proportionally. Also, in the same rotation number increasing the density ratio increased the
Nusselt number. This effect was interpreted that by increasing the buoyancy number, it
increased the Buoyancy forces along the channel, which increased the Nusselt number.
Considering the fixed rotation ratio and density ratio means the variation in buoyancy number
only depended on rotation number. Increasing the rotation number increased the buoyancy
number, which increased the Nusselt number ratio. Furthermore, in the bending region, the
buoyancy number increased significantly, which followed by increasing the Nusselt number
ratio.

(a)
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(b)

85

(c)

Figure 5-16: Heat transfer augmentation along a smooth wall U-shape channel in different rotation
number and density Ratio

In rotational motion, many parameters, such as rotational effects, turn effect, Buoyancy, and
Coriolis forces, are involved. These effects make the heat transfer analysis difficult. Figure 5-15
and Figure 5-16 show the heat transfer ratio for various rotation speeds. From the figures, it
can be seen the heat transfer ratio in a rotating setup increased in comparison with stationary
cases. It can be observed in the bending region, because of the more turbulence and vorticities,
the Nusselt number is increasing. Moreover, the Nusselt number has a higher ratio in the bend
section in comparison with the legs, which means there is more heat transfer taking place in
the bend region.
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5.3 Conclusion
In this chapter, the effect of several parameters on flow behavior and heat transfer
distribution for a two-passage smooth wall internal cooling channel was investigated. A 3-D CFD
model using LES was used to obtain the heat transfer trend along the channel. The effect of
Reynolds number, wall heating condition was carried out in both stationary and rotational
cases. In the rotational cases, a wide range of rotation numbers between 0.25-1.5 was
implemented. The conclusions that emerged from this part of the study are
•

Based on the simulation and the experimental results for the stationary cases, the
correlation of Nu = 0.086 Re0.68 was found to be applied for this channel.

•

In the stationary cases, the time-averaged Nusselt number enhancement varied from 22
to 53 as Reynolds number increased from 6000 to 35,000.

•

Under the constant rotational speed, the variation of the Nusselt number is independent
of the rotation number changes. Increasing the Reynolds number enhanced the local
time-averaged Nusselt number, which is a similar trend, which was observed in stationary
cases.

•

In the constant Reynolds number and different rotational speed cases, the local timeaveraged Nusselt number is dependent on the rotation number. As rotational speed
increased, heat transfer enhancement in both passages was observed.

•

The combined effect of the Reynolds number and rotational speed enhanced the
buoyancy and centrifugal forces, which results in an improvement in the Nusselt number
in both passages. Furthermore, in the bending region, maximum buoyancy force can be
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observed, which is one of the main reasons for the significant Nusselt number increase in
this region.
•

In the rotational motion, buoyancy forces induced the secondary flow, which reduced the
fraction factor significantly.

•

In the stationary cases, as Reynolds number increased, the friction factor ratio decreased
from 7 to 5.

•

Increasing the wall heating condition (density ratio) in a constant Reynolds number in
stationary cases increased the heat transfer ratio along the channel.

•

The experimental results showed a good agreement with the CFD result.
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6 Heat Transfer Investigation for a Two-Passage Ribbed Wall Channel
In this study, the main objective is to investigate the geometrical factors such as rib
geometry and spacing, which usually discussed by rib-pitch-to-rib-ratio (P/e). In this chapter,
the geometrical effect for different rib configurations,90-deg, parallel 45-deg, parallel 60-deg,
and high-performance rib, V-shaped rib on heat transfer performance will be discussed. Rib
spacing is one of the most critical challenges in designing the rib roughened channels for each
rib configuration; the effect of rib spacing using the rib-pitch-to-rib-height ratio of 7, 10, 12, was
investigated. Both rotation and stationary motion were investigated. Airflow at 300K with
Reynolds number 35000 was entered to the channel. Furthermore, a rotation speed of 300 rpm
was used for this part of the study.

6.1 Heat Transfer Distribution Study for 90-deg Rib with Different P/e ratio
One of the first rib turbulator concepts used in cooling channels was utilizing 90-deg ribs. In
this study, first, a 90-deg rib turbulator considered as the baseline of the roughened wall.
Various rib-pitch-to rib height ratio for both stationary and rotational cases was used. Flow with
Reynolds number 35000 and uniform velocity profile entered the channel. Figure 6-1 and Figure
6-2 describe the channel geometry in different views. A constant heat flux boundary condition
was applied to the channel bottom wall and ribs placed on this wall.
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Outlet
Inlet
(a)
Outlet
Inlet
(b)

Outlet
Inlet

(c)

Figure 6-1: : inlet/outlet for Channel with 90-deg rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12

(a)

90

(b)

(c)
Figure 6-2: Isometric view for Channel with 90-deg rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12

6.1.1 Stationary Cases
As it was mentioned in the literature review, installing the ribs on the internal surface of the
channel generates more turbulent. It increases the rate of mixing hot gases with the cooling air.
Figure 6-3, Figure 6-4, and Figure 6-5 show the velocity counter on different channel crosssections in the stationary channel. Normal plane sections after each rib were utilized to capture
the effect of ribs on the flow distribution. For all P/e ratios, as the flow enters the first passage,
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symmetrical flow distribution was found in the first passage. As flow reached the turning
region, more irregular behavior was observed. This change in mainstream flow behavior
increased the flow turbulent. As flow entered the second passage, it lost the symmetrical
distribution after turning region; however, as flow distanced from the bending region, the
distribution trend became more symmetrical. Despite the similar flow distribution behavior for
all P/e ratios, the velocity distribution after each rib is slightly different. For the P/e ratio 10 and
12, the rib blockage affected the velocity near the bottom wall and generated more
recirculation zones. While for P/e 7, velocity transformation along the cross-section is more
uniform.
This observation can be counted as an excellent example of the importance of the rib
spacing in the cooling channels. For P/e 10 and 12, the distance is more than what is needed for
flow separation and reattachment in the flow. Therefore, more recirculation zones behind the
ribs were observed. While for P/e 7, the flow had enough time to fully separated from the
mainstream and re-attached to it again before passing through the next rib.
Figure 6-6 presents the bottom wall temperature distribution along the channel. For the
design with P/e 7, due to symmetrical velocity distribution, a better temperature distribution is
observed. As a result of higher turbulence in the turning region and the second passage, the
temperature is lower in these areas. The lower temperature at the turning region resulted in
higher heat removal from these surfaces. For the P/e 10 and 12 ratios, an uneven temperature
distribution is observed in two passages. Due to the existence of recirculation zones after each
rib in the first passage, less heat was removed from this section resulted in higher surface
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temperature. The high temperature at the entrance of the first passage is due to the entrance
effect and solver limitation to consider these effects.
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Figure 6-3: Contours of velocity and streamline on the normal planes for 90-deg rib configuration, P/e=7 Uin=12.5m/s
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Figure 6-4: Contours of velocity and streamline on the normal planes for 90-deg rib configuration, P/e=10 Uin=12.5m/s
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Figure 6-5: Contours of velocity and streamline on the normal planes for 90-deg rib configuration, P/e=12 Uin=12.5m/s

Plane 1

(a)

(b)

(c)

Figure 6-6: Temperature distribution at the bottom wall of the channel for stationary case 90-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12
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(a)

(b)

(c)

Figure 6-7: Nusselt distribution at the bottom wall of the channel for stationary case 90-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

6.1.2 Rotational Cases
Rotation effect on heat transfer coefficient and velocity distribution was extensively
discussed in the previous chapters. Due to rotation, the number of recirculation zones after
each rib decreased, and more flow re-attached to the mainstream. Rib spacing effects can
change this trend. Figure 6-8 illustrates the temperature distribution at the bottom wall of the
two-pass channel. For smaller P/e 7, the ribs blockage effect mainly observed when the flow
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was passing the ribs; this can be due to the buoyancy and centrifugal forces. As flow entered
the second passage, due to the turning effect and higher buoyancy effect, more turbulence
generated resulted in removing more heat. For the P/e ten ratio, it can be seen temperature at
the second passage is lower than the first passage. Also, in the turning region, lower
temperature distribution can be observed compared with the other two P/e ratios. The lower
temperature on the turning area resulted in a higher rate of heat removal from the bottom wall
and higher Nusselt number, which is shown in Figure 6-9.

(a)

(b)

(c)

Figure 6-8: Temperature distribution at the bottom wall of the channel for rotational case 90-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12
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(a)

(b)

(c)

Figure 6-9: Nusselt distribution at the bottom wall of the channel for rotational case 90-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

6.2 Heat Transfer Distribution Study for 45-deg Rib with Different P/e ratio
As mentioned earlier, the objective of this part of the study is to compare the heat transfer
distribution and pressure loss in different P/e ratios. Figure 6-10 and Figure 6-11 describe
channel top view and isometric view for the 45-deg parallel ribs for different rib spacing. The
ribs were installed on the bottom wall of the channel, where the constant heat flux boundary
condition was applied to both the bottom wall and the ribs.
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Figure 6-10: inlet/outlet for Channel with 45-deg rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12
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(a)

(b)

(c)

Figure 6-11: isometric view for Channel with 45-deg rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12
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6.2.1 Stationary Cases
For the stationary cases, Reynolds number as 35000 was considered for the call cases.
Figure 6-12, Figure 6-13, and Figure 6-14 describe the contours of normalized vector velocity
magnitude along with in-plane streamlines. As can be seen, as flow passed each rib, the velocity
increases significantly after each rib, which can be explained as the effect of flow separation. In
the space between the ribs, separated flow re-attaches to the mainstream flow, and the same
phenomena are repeated for each rib. In the bending region, more irregular flow behavior can
be observed due to the turn. In the bending region, a significant increase in the velocity can be
observed. This increase helps the flow to remove more heat from the bend region. The flow
trend is relatively similar for all the ratios. However, for the rib-pith-to-rib height ratio 7, due to
less space between the ribs, flow cannot have complete separation and re-attachment; thus, an
asymmetrical pattern can be seen on the vector velocity profile.
The figure for P/e ratio 12 shows that due to the increase in the rib spacing, after flow reattached to the mainstream, it still is passing the distance between the ribs; thus, more
recirculation zones can be observed.
For the P/e ratio 10, it can be seen flow has enough time to separate and re-attach the main
streamflow, which results in reducing the recirculation zone and increasing the overall
turbulence between each rib.
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Figure 6-12: Contours of velocity and streamline on the normal planes 45-deg rib configuration, P/e=7 Uin=12.5m/s
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Figure 6-13: Contours of velocity and streamline on the normal planes, 45-deg rib configuration P/e=10 Uin=12.5m/s
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Figure 6-14: Contours of velocity and streamline on the normal planes, 45-deg rib configuration, P/e=12 Uin=12.5m/s

Plane 1

The bottom wall temperature distribution for different P/e ratio is presented in Figure 6-15.
Similar to velocity distribution figures. The trend is the same for all the cases. However, for the
P/e 10, the temperature distribution is more uniform, which resulted in more uniform heat
transfer. For the P/e 7 and 12, lower temperatures happens in some spots. This temperature
distribution can increase the overall heat transfer coefficient; however, it is not in favor of
uniform heat removal from the bottom wall of the channel.

(a)

(b)

(c)

Figure 6-15: Temperature distribution at the bottom wall of the channel for stationary case Uin=
12.5m/s, 45-deg rib configuration (a) p/e=7, (b) p/e=10, (c) p/e=12
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Figure 6-16 describes the Nusselt number distribution on the channel bottom wall. It can be
seen as the flow passes the ribs immediately after the ribs, there is a significant increase in the
Nusselt number. This change can be explained as flow separation and re-attachment. Similar to
temperature distribution scenes for the P/e ratio of 10, the Nusselt number distribution is more
uniform, which results in higher heat removal from the distance between the ribs.

(a)

(b)

(c)

Figure 6-16: Nusselt distribution at the bottom wall of the channel for stationary case Uin= 12.5m/s, 45deg rib configuration (a) p/e=7, (b) p/e=10, (c) p/e=12
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6.2.2 Rotational Cases
Rotation induces the Centrifugal forces and Buoyancy forces. The effect of these forces
significantly can be seen in the second passages. Figure 6-17 shows the bottom wall
temperature profile for the rotational speed of 300rpm. It can be observed as flow passing
through the channel, due to the increase in buoyancy forces, recirculation zones decrease, and
turbulence increases. As a result of these changes, more heat is removed from the walls,
especially more on the second passage. Figure 6-18 shows the Nusselt number distribution on
the bottom wall. It can be seen due to the increase in flow turbulence, more heat removed
from the bottom wall. P/e ten configuration shows better performance as the Nusselt number
increases more uniformly in the bending region.

(a)

(b)
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(c)

Figure 6-17: Temperature distribution at the bottom wall of the channel for stationary case Uin=
12.5m/s, 45-deg rib configuration (a) p/e=7, (b) p/e=10, (c) p/e=12

(a)

(b)
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(c)

Figure 6-18: Nusselt distribution at the bottom wall of the channel for stationary case Uin= 12.5m/s, 45deg rib configuration (a) p/e=7, (b) p/e=10, (c) p/e=12

6.3 Heat Transfer Distribution Study for 60-deg Parallel Rib with Different P/e ratio
Similar to the previous sections, 60-deg parallel ribs were installed on the bottom wall of the
channel. Figure 6-19 and Figure 6-20 show the top view and isometric view for three different
P/e ratios.

Outlet
Inlet

(a)

Outlet
Inlet

(b)
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Figure 6-19: inlet/outlet for Channel with 60-deg rib configuration (a) p/e=7, (b)p/e=10, (c) p/e=12

(a)

(b)
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(c)

Figure 6-20: Isometric view for Channel with 60-deg rib configuration (a) p/e=7, (b)p/e=10, (c) p/e=12

6.3.1

Stationary Cases

Figure 6-21, Figure 6-22, and Figure 6-23 describe contours of normalized vector velocity
magnitude along with some in-plane streamlines. As flow passes ribs due to the flow
separation, a significant velocity increase is observed after each rib. Similar to 45-deg, the
velocity distribution profile for the P/e ratio 10 has a more symmetrical trend, especially in the
U-turn region. However, the flow velocity does not have a significant increase compared with
the 45-deg ribs. In the bending region, more irregular flow behavior can be observed due to the
turning regions. Also, in this region, a significant increase in velocity can be found. This increase
helps the flow to remove more heat from the bend region. The flow trend is relatively similar
for all the ratios. However, for the rib-pith-to-rib height ratio 7, due to less space between the
ribs, flow cannot have complete separation and re-attachment. Thus, an asymmetrical pattern
can be seen on the vector velocity profile.
The figure for P/e ratio 12 shows that due to the increase in the rib spacing, after the flow
re-attached to the mainstream, it still is passing the distance between the ribs; thus, more
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recirculation zones can be observed. For the P/e ratio 10, it can be seen flow has enough time
to separate and re-attach the main streamflow. This results in reducing the recirculation zone
and increasing the overall turbulence between each rib. In the turning region, a significant
increase in the turbulence can be observed for all three ratios. However, the recirculation zone
for P/e ten is reduced, and a more uniform pattern can be observed. This uniform increase in
velocity at the bending region helps to remove more heat from the turning region.
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Figure 6-21: contours of velocity and streamline on the normal planes, 60-deg rib configuration, P/e=7 Uin=12.5m/s
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Figure 6-22: contours of velocity and streamline on the normal planes, 60-deg rib configuration P/e=10 Uin=12.5m/s
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Figure 6-23: contours of velocity and streamline on the normal planes, 60-deg rib configuration P/e=12 Uin=12.5m/s

Plane 1

Figure 6-24 shows the temperature distribution on the bottom wall. As discussed earlier, due
to the turbulence increase, more heat will be removed, especially after each rib, which
increased the Nusselt number. Figure 5-16 shows the Nusselt number distribution on the
bottom wall. Similar to 45-deg ribs, a significant increase in the Nusselt number can be
observed between each rib in all the ratios. However, for P/e seven, the trend is more uniform,
especially in the bending region.

(a)

(b)

(c)

Figure 6-24: Temperature distribution at the bottom wall of the channel for stationary case Uin=
12.5m/s, 60-deg rib configuration (a) p/e=7, (b) p/e=10, (c) p/e=12
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(a)

(b)

(c)

Figure 6-25: Nusselt distribution at the bottom wall of the channel for stationary case 60-deg rib Uin=
12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

6.3.2 Rotational Cases
Due to the rotation, buoyancy and centrifugal forces are induced in the channel. As a result
of these forces, secondary flow increases, which leads to an increase in the heat transfer
coefficient. Figure 6-26 and Figure 6-27 describe the temperature and Nusselt number
distribution on the bottom wall. It can be seen in rotational cases more heat is removed in the
second passage. Despite stationary cases, P/e 7 and 12 have a higher Nusselt number increase
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compare with P/e 10. This might be due to the decreasing the recirculation zones in the
presence of rotation effects.

(a)

(b)

(c)

Figure 6-26: Temperature distribution at the bottom wall of the channel for stationary case, 60-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12
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(a)

(b)

(c)

Figure 6-27: Nusselt distribution at the bottom wall of the channel for rotational case 60-deg rib
configuration Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12
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6.4 Heat Transfer Distribution Study for V-Shape Rib with Different P/e ratio
Figure 6-28 and Figure 6-29 show the rib configuration in channels that the angle of attack is
in the first passages is against the flow stream, and in the second passage, while in the second
passage, it is in the same direction of the flow.

Outlet

Inlet

(a)
Outlet

Inlet

(b)
Outlet

Inlet

(c)

Figure 6-28: inlet/outlet for Channel with V-shape rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12
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(a)

(b)

123

(c)

Figure 6-29:Isometric view for Channel with V-Shape rib configuration (a)p/e=7, (b)p/e=10, (c) p/e=12

6.4.1

Stationary Cases

Figure 6-30, Figure 6-31, and Figure 6-32 describe the velocity counter for each P/e ratios.
For all ratios at the first passage, while the mainstream passed through, the sharp edge of V ribs
velocity couture is more symmetrical compared with the second passage. The symmetrical
distribution can be due to the rib orientation in each pass. In the first passage, first flow
separation happens at the sharp edge of the rib, and it develops more while it is passing the
entire ribs. While in the second passage, flow separation occurred first on the arms of the rib
and then the sharp edge of the rib. This type of separation on the second passage causes
asymmetrical turbulence distribution in each cross-section.
As mentioned earlier, the distance between each rib plays a crucial role in generating more
turbulence. This distance should be engineered in a way that flow has enough time to entirely
separate and re-attached to the mainstream. Similar to previous rib configurations, it can be
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seen P/e ratio 10 has a better performance than the P/e ratio of 7 and 12. From the vector
velocity couture, it can be observed for the P/e ten ratio, after each separation flow has enough
time to re-attach to the mainstream. This causes more symmetrical turbulence distribution
after each rib and higher heat removal from the surface of the blade.
Rib-Pitch-to-rib-height ratio effects on temperature distribution can be seen in Figure 6-33.
Temperature distribution for the P/e 10 is more uniform, especially in the bending region
compare with the other ratios. This can be due to the more symmetrical velocity distribution
after each rib in the P/e ratio 10.
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Figure 6-30: contours of velocity and streamline on the normal planes, V-Shape configuration P/e=7 Uin=12.5m/s
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Figure 6-31: contours of velocity and streamline on the normal planes, V-Shape configuration P/e=10 Uin=12.5m/s

Plane 1
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Figure 6-32: contours of velocity and streamline on the normal planes, V-Shape configuration P/e=12 Uin=12.5m/s

Plane 1

(a)

(b)

(c)

Figure 6-33: Temperature distribution at the bottom wall of the channel for stationary case – V-Shape
rib Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

Figure 6-34 presents the Nusselt number distribution on the bottom wall. Due to the rib
configuration on the first passage, it can be seen the heat transfer coefficient increase between
each rib is higher in the second passage. In the second passage, heat transfer increase is mainly
closer to the outside walls. This trend is similar in all the P/e ratios; however, for the P/e ratios
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due to the reduction in the recirculation zones, more uniform Nusselt number distribution can
be observed in the second passage.

(a)

(b)

(c)

Figure 6-34:Nusselt distribution at the bottom wall of the channel for stationary channel wit V-Shape rib
case Uin= 12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

6.4.2 Rotational Cases
As discussed earlier, rotation induces buoyancy and centrifugal forces. These forces reduce
the number of recirculation zone and create a uniform flow distribution. Figure 6-35 shows the
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temperature distribution on the bottom wall. As can be seen for P/e 7, due to small distance
between the ribs, pressure drop increases, and small recirculation zones generate after the
sharp edge of the ribs in the first passage. At the same time, for the other ratios, the
temperature distribution is more uniform. Furthermore, Figure 6-36 presents the Nusselt
number distribution on the bottom wall. There is a significant increase in Nusselt number
distribution on the second passage due to the turning effects and inducing secondary flow. For
the first passage, the heat transfer increase in the P/e ratio 10, is higher than the other ratios,
and it can be concluded the Pitch-to-rib height ratio 10 has the best performance for both
stationary and rotational cases.

(a)

(b)
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(c)

Figure 6-35: Temperature distribution at the bottom wall of the channel with V-Shape rib for rotational
case Uin= 12.5m/s, V-Shape (a) p/e=7, (b) p/e=10, (c) p/e=12

(a)

(b)
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(c)
Figure 6-36: Nusselt distribution at the bottom wall of the channel with V-Shape rib for Rotational case Uin=
12.5m/s (a) p/e=7, (b) p/e=10, (c) p/e=12

6.4.3

V-Rib different installation configuration

Another installation for V-rib configuration can be considered where at the second passage,
flow first passes the angles of the rib the arms. It was decided to denote this configuration as Vshape design 2. Figure 6-37 illustrates the new rib configuration. From the results presented in
the previous section, it was decided to investigate the flow distribution only for P/e 10.

Figure 6-37: inlet/outlet for Channel with V-shape rib design two configuration P/e=10

6.4.3.1 Stationary results comparison
The temperature distribution comparison between two V-rib configurations is shown in
Figure 6-38. As can be seen, the overall temperature distribution remained the same in the first
passage. While in the second passage, the temperature distribution for ribs in the second
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configuration had better uniformity, which can be due to better velocity distribution after each
rib.

(a)

(b)

Figure 6-38: Temperature distribution comparison for various V-rib configuration, Stationary case
with Re=35000,(a) Initial Design,(b) V-Shape Design 2

Figure 6-39 describes the Nusselt number distribution on the bottom wall of the two-pass
channel. Similar to temperature distribution, both configurations had slightly similar Nusselt
number distribution in the first passage. While in the second for the second rib installation
configuration, the higher Nusselt number value distribution is more uniform between each rib
while for the setting, one higher Nusselt number was identified closer to the out walls.
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(a)

(b)
Figure 6-39: Nusselt distribution comparison for various V-rib configuration, Stationary case with
Re=35000, (a) Initial Design,(b) V-Shape Design 2

6.4.3.2 Rotational results comparison
Figure 6-40 and Figure 6-41 show the temperature and Nusselt number distribution on the
channel bottom wall in the rotation. As can be seen for the second configuration, lower
temperature distribution can be seen mainly in the center of space between the ribs. While for
the design 2 setting, the lower distribution mostly observed near the other wall.
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(a)

(b)
Figure 6-40: Temperature distribution comparison for various V-rib configuration, the rotational case
with Re=35000, (a) Initial Design,(b) V-Shape Deign 2

(a)
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(b)
Figure 6-41: Nusselt distribution comparison for various V-rib configuration, the rotational case with
Re=35000, (a) Initial Design,(b) V-Shape Design 2

From stationary and rotational results, it can be concluded the overall Nusselt number for
both settings are similar. However, for the initial V-shape configuration, the Nusselt distribution
is more uniform. Thus, it was decided to use the initial V-shape setup results for the rest of this
thesis.

6.5 Summary of P/e Ratio and rib Geometry Comparison
In the previous sections, three different rib turbulator configuration with various rib spacing
(mentioned as P/e ratio) were studied. For each rib configuration, a detailed investigation of
the effect of the P/e ratio was implemented. In this part, results from all these configurations
are compared.
As mentioned earlier, the objective of optimizing the internal cooling channels is to increase
the heat transfer between the coolant and the channel walls and reduce the pressure drop.
Installing turbulators enhances the Nusselt number coefficient while it increases the pressure
drop. Thus, in the rib configuration study, it is necessary to capture the amount of pressure
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drop. For calculating the friction factor and thermal performance for each configuration,
Equation 5-2, Equation 5-3, and Equation 5-4 were used.
In the following sections, results for the Nusselt number, friction factor, and rib thermal
performance for stationary and rotational motion is going to be presented.
6.5.1 stationary
Figure 6-42 and Figure 6-43 describe the total Nusselt number and friction factor for three
rib geometries with different Rib Pitch-to-Rib height (P/e) ratios, respectively. For 45-deg ribs,
P/e ratios of 7 and 12 had a higher Nusselt number while both had a higher pressure drop. For
the 60-deg ribs ratio, ten had a higher Nusselt number compare with the same ribs with various
rib spacing ratios. While the Nusselt number for 45-deg ribs is still higher. V-rib configuration
had a significantly higher Nusselt number compare with the other rib geometry, while its
pressure drop also is slightly higher for all the rib spacing ratios.

Figure 6-42: Nusselt Comparison of Stationary Cases for various rib configurations and P/e ratios
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Figure 6-43: Pressure Drop Comparison for various rib configuration and P/e ratios
As mentioned earlier, due to the effects of rib turbulators on Nusselt number and pressure
drop, selecting the right rib geometry and rib spacing is usually based on the trade-off between
the amount of increasing the Nusselt number and pressure drop.
The thermal performance, ɳ, can be calculated based on the Nusselt number improvement
and normalized friction factor [24].

�Nu�N �
0
ɳ=
�
1�
3
�f�f �

Equation 6-1

0

Figure 6-44 shows the rib thermal performance for different rib geometry and rib spacing.
From this figure, it can be concluded despite the high-pressure drop V-ribs still have a higher
thermal performance compared with the other rib geometry. 45-deg rib with different rib
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spacing slightly has similar thermal performance; however, due to the less pressure drop for
P/e ratio 10, it has better thermal performance between the angled ribs.

Figure 6-44: Performance Comparison for various rib configurations and P/e ratios

6.5.2 Rotation
Similar to the stationary cases, Nusselt number, friction factor, and rib thermal performance
have been compared for the rotational motion. Figure 6-45 and Figure 6-46 show the Nusselt
number and friction factor for various rib geometry. Like the stationary cases, the V-shape rib
has a higher Nusselt number values for all the P/e ratios compare with the other ribs. Between
the angled ribs, 45-deg rib has a higher Nusselt number. Furthermore, 45-deg rib has a lower
pressure drop compared with the other rib configurations.
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Figure 6-45: Nusselt Comparison Rotational Cases for various rib configurations and P/e ratios

Figure 6-46: Pressure Drop Comparison for various rib configurations and P/e ratios

Figure 6-47 indicates the rib thermal performance. For the V-shape rib P/e ratio, 10 had the
highest thermal performance. For the 60-deg ribs, P/e ratio 7 had a better performance than
other ratios, while for the 45-deg ribs P/e 10 has the better performance.
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Results from stationary and rotational cases show that for the current channel, V-shape Ribs in
any P/e ratio have a higher thermal performance than parallel angled ribs. However, it should
be noted this type of rib configuration has a higher pressure drop among the other ribs. In
Parallel angled ribs, 45-deg rib shows a better thermal efficiency, especially for P/e ratio 10.
Due to the less pressure drop and higher thermal efficiency, 45-deg rib with P/e ratio ten was
considered to be the best rib configuration for the channel under this study.

Figure 6-47: Performance Comparison for various rib configuration sand P/e ratios

6.6 Conclusions
In this chapter, computational results for different rib configurations were presented. For
the rotational cases in the first passage, heat transfer increases further on the trailing wall
under centrifugal buoyancy effects. Nusselt number increases along the channel for all rib
configurations. Furthermore, the impact of rib spacing was discussed in this chapter. For the
parallel rib configuration, 45-deg ribs with P/e ratio 10, has higher thermal efficiency and lower
pressure drop.
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For the high-performance V-shaped rib, the P/e ratio ten has a better performance than
ratio seven and 12. Two installation configurations have been investigated. Here these two
configurations denoted as design one and design 2. Results showed that various installation
configuration does not have a significant effect on the heat transfer coefficient. However,
Design 2 configuration increases the pressure drop compared with the design one.
In general, installing ribs increases the pressure drop from inlet to outlet of the channel,
while the Nusselt number significantly increased. Thus deciding on the installing ribs usually is
based on the trade-off between increasing the heat transfer capability and increasing the
pressure drop.
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7 Turning Guide Vane Effect on Internal cooling of Two-Passage
channel
7.1 Introduction
As mentioned in the Literature survey, flow behavior in the turning regions is unpredictable.
While flow passes through these turning regions, there are considerable changes in heat
transfer and pressure distribution. Thus, the turning effect can be considered as one of the
most critical phenomena in the flow behavior and overall heat transfer performance of the
cooling channels. As flow passes through the turning regions, several recirculation regions are
generated, and a significant pressure drop is observed. These changes in the turning area result
in a decrease in the overall heat transfer rate.
While many researchers emphasized the turning region effects, a limited number of studies
performed on the flow behavior and heat transfer ratio in this region. Zehnder et al. [96] added
guide vanes on a two-passage channel and investigated heat transfer and pressure drop. Their
results implied that using guide vanes in this region significantly affected the heat transfer ratio
in cooling channels. Bunker [97] investigated the effect of adding various tip shaped surfaces
into the channels. His results indicated that implementing these changes had significant
enhancement on the heat transfer coefficient compared with the smooth channels.
In this chapter, the main focus is to have a better understanding of flow behavior in the
turning region. New turning guide vane designs and orientations to evaluate maximum heat
transfer coefficient enhancement was proposed. A detailed heat transfer and pressure
measurement were performed both experimentally and numerically for all guide vane
configurations. This study was inspired by the work of Park et al. [98], who used different guide
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vanes to investigate the thermal performance enhancement. The results suggested that adding
a turning guide vane to the cooling channel enhances the heat transfer coefficient ratio.
For this study first, the effect of installing turning guide vanes on Nusselt number in a smooth
wall was investigated. Once an initial evaluation of the impact of turning guide vanes on the
pressure drop and heat transfer coefficient performed, the effect of turning guide vane for the
roughened wall was investigated.
For the roughened wall study, 45-deg angle ribs were installed on the bottom wall of the
channel. Rib turbulators had a parallelogram cross-section of 6.35mm×6.35mm. The rib pitch-torib height (P/e) was 10, and the rib height-to-hydraulic diameter ratio (e/Dh) was 0.125. Table 7-1
indicates the detailed dimensions of the geometrical model used in this study.
Table 7-1: Dimensions of the channel with 45-deg parallel rib

Description

Size

Hydraulic Diameter (𝐃𝐃𝐡𝐡 )

50.8mm

Second Passage Length (𝐋𝐋𝟐𝟐 )

460mm

Rib Pitch to Rib height Ratio(𝐩𝐩/𝐞𝐞)

10

First Passage Length (𝐋𝐋𝟏𝟏 )

514mm

Rib Height to Channel Hydraulic Diameter Ratio
(𝐞𝐞/𝐃𝐃𝐡𝐡 )

0.125

7.2 Effect of Turning Guide Vanes on the Smooth Wall Channel
Figure 7-1 shows the eight proposed guide vane schemes for the smooth wall channel. The
inner and outer radius of these guide vanes are 1𝐷𝐷ℎ and in some designs were 2𝐷𝐷ℎ . The guide

vane thickness was 6.35mm.
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(a)

(e)

(b)

(f)

(c )

(g)

(d)

(h)

Figure 7-1: Various guide vane designs: (a) V1 (one guide vane after the turn;(b) V2 (two guide vanes
after the turn) (c)V3 (Semi circle guide vane),(d) V4(three guide vanes after the turn) (e) V5( three guide
vanes before the bend, (f)V6 one guide vane before the bend(g) V7( two guide vanes before the bend,
(h) V8 one guide vane with longer length before the turn

From heat transfer results in chapter five, it was observed higher heat removal rate happens
at the turning region and second passage. While flow passes through the first passage, the
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Nusselt number slightly decreased up to the turning region. In the turning region, due to the
increase in the turbulence Nusselt number significantly increased. As flow passed through the
second passage, the Nusselt number decreased; however, due to the higher turbulence, the
Nusselt number was higher than the first passage. Furthermore, from the previous chapters, it
can be concluded increasing flow turbulence increases the mixing of hot and cold gases and
boost the heat transfer coefficient. Thus, it is necessary to use a turbulator design in the turning
region to prevent lower velocity areas near the edges.
7.2.1 Smooth Wall channel with Turning Guide Vanes-Stationary results
Figure 7-2 Shows the Nusselt number comparison in stationary cases between Reynolds
number 6000 and 35000. Similar to the results from chapters five and six, in the stationary
cases increasing the Reynolds number increased the Nusselt number coefficient. From the
figure, it can be observed installing the guide vane improved the Nusselt number coefficient
compare with the smooth wall with no guide vane. This enhancement could be due to
increasing the turbulence and reducing the recirculation zones in the turning region.
From the figure, it can be observed installing one guide vane after the turning region (denoted
as V1) and installing three guide vane ( denoted as V4), and one guide vane before the turning
region (indicated as V6) showed a better performance in increasing the Nusselt number.
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Figure 7-2: Nusselt number comparison in the stationary case for Re=6000 and Re=35000

The objective of the optimization of the cooling channels is to reduce the pressure drop and
enhanced the heat transfer coefficient. The pressure drop was evaluated by calculating the
fanning friction factor from Equation 5-2.
Figure 7-3 compares the friction factors for different Reynolds numbers. As it was predicted,
installing the turning guide vanes increases the pressure drop in most cases. However, guide
vane design V1 creates less pressure drop in the higher Reynolds number.
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Figure 7-3: Normalized friction factor comparison for stationary cases with Reynolds 6000 and 35000

From the presented results, it can be observed installing turning guide vane increases both
heat transfer coefficient and pressure drop. While in the designing cooling channels, the
objective is to increase the heat transfer ratio and decrease the pressure drop. Thus, to have a
better design evaluation, it is necessary to investigate the thermal performance of each design.
Thermal performance was discussed extensively in earlier chapters. Figure 7-4 describes the
thermal performance comparison for Reynolds number 6000 and 35000. For the Reynolds
number 6000, in the stationary cases installing the turning guide vane reduces the thermal
performance of the cooling channel. While for the higher Reynolds number,35000, installing
turning guide vanes enhanced the thermal performance. Among the turning guide vanes design
V2, V4 and V8 showed a better performance.
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Figure 7-4: Thermal performance comparison for stationary cases for Re=6000 and Re=35000

7.2.2 Rotational Results
Figure 7-5 describes the Nusselt number comparison between stationary and rotational
cases with Reynolds number 6000 and Rotation number of 0.75. Similar to previous chapters’
results, the Nusselt number in rotational cases was higher than the stationary cases. Unlike the
stationary results, installing the turning guide vanes in the smooth wall increases the Nusselt
number significantly, especially in guide vane design V5. While from Figure 7-6, it can be seen
installing V5 turning guide vane design generated a higher pressure drop. Also, guide vane
design V8, and V3 had a lower pressure drop compared with the other designs.
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Figure 7-5:Nusselt Number comparison for various guide vane in stationary and rotational condition

Figure 7-6: Friction factor comparison for smooth wall channel and turning guide vane, stationary and
rotational cases
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Channel thermal performance is presented in Figure 7-7. In the rotational cases, the channel
thermal performance for most of guide vane designs was higher than the smooth wall channel.
Among the guide vane designs, V6 and V8 show a better performance.

Figure 7-7: Thermal performance comparison for the smooth wall channel and turning guide vane,
stationary and rotational cases

From the presented results, it can be concluded despite the higher pressure drop, the turning
guide vane installed on channels created more turbulence and increased the heat transfer
coefficient. Furthermore, roughened wall channels had higher thermal performance compare
with the smooth wall channels. Therefore, to find an optimum rib roughened configuration for
the current channel, a combination of rib roughened wall and turning guide vane effect on the
overall heat transfer was studied.
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7.3 The effect of turning guide vane on the channel with parallel 45-deg rib channel
45-deg parallel Rib turbulators with a parallelogram cross-section of 6.35mm×6.35mm was
installed on the channel bottom wall. The rib pitch-to-rib height (P/e) was 10, and the rib
height-to-hydraulic diameter ratio (e/Dh) was 0.125. Table 7-2 indicates the detailed
dimensions of the geometrical model used.
Table 7-2: Dimensions of the channel with 45-deg parallel rib

Description

Size

Hydraulic Diameter (𝐃𝐃𝐡𝐡 )

50.8mm

Second Passage Length (𝐋𝐋𝟐𝟐 )

460mm

First Passage Length (𝐋𝐋𝟏𝟏 )

514mm

Rib Height to Channel Hydraulic Diameter Ratio (𝐞𝐞/𝐃𝐃𝐡𝐡 )
Rib Pitch to Rib height Ratio (𝐩𝐩/𝐞𝐞)

0.125
10

Furthermore, four turning guide vane orientations ( VR1, VR2, VR4, and VR8) were selected
from section 7.2 for this study. Figure 7-8 shows the four guide vane scheme used in this study.
For all the proposed designs, the total surface of the ribs stayed constant. However, because of
the geometry of the last design, VR8, the number of ribs decreased. The current study mainly
focuses on the design of the guide vane and its effect on the heat transfer coefficient on the
turning region.
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(a)

(b)

(c)

(d)

Figure 7-8: Various guide vane designs: (a) VR1 (one guide vane after the turn;(b) VR2 (two guide vanes
before the turn;(c) VR4 (three guide vanes after the turn)(d) VR8 (one guide vane with longer length
before the turn)

7.3.1 Results for Stationary Cases
Figure 7-9 shows the time-averaged Nusselt number distribution along the channel. As can
be seen, after flow passed through each rib, the Nusselt number increased in both passages. In
the turning region, when flow passed the guide vane, more turbulence was generated, which
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results in an increase in the Nusselt number in this region. For the cases VR1 and VR2, this
enhancement is more significant.

(a)

(b)

(c)

(d)

Figure 7-9: Nusselt number distribution for the stationary cases for Re=6000 (a) VR1(b) VR2 (c) VR4 (d)
VR8
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Figure 7-10 displays the time average of the Nusselt number ratio distribution along the
channel for the 45-deg rib configuration with and without designed guide vanes. From the
stationary data. Figure 7-10 shows the heat transfer augmentation along the channel for
stationary cases. As flow passed through the first passage, flow started to develop, which
caused a slight decrease in the Nusselt number ratio. In the bending region, a significant
increase in velocity was observed, which resulted in Inducing more irregular behavior to the
flow in this region. These velocity changes increased the Nusselt number ratio. However, when
flow passed the bending area, flow separation was induced by the divider wall, which decreased
the heat transfer ratio in the second passage.

Figure 7-10: Heat Transfer augmentation along the channel, with different guide vane designs for
Re=6000

From Figure 7-10, it can be observed that guide vanes improved the heat transfer ratio in the
bending region. It was noted that between the different guide vane design, one guide vane
before the bend and three guide vanes after the bend had the best performance. Figure 7-11
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describes the total average of Nusselt numbers for different Reynolds numbers in stationary
cases. As can be seen, by increasing the Reynolds number, the Nusselt number enhancement
increased significantly.

Figure 7-11: Channel Nusselt number for stationary casein various Reynolds number

7.3.2 Heat transfer for rotational Cases
Figure 7-12 shows the time-averaged Nusselt number ratio along the channel for the 45-deg
rib configuration with and without the guide vanes. A similar trend for the Nusselt number ratio
can be observed for all cases. Rotation induced the buoyancy forces, which influenced the
recirculation zones at the channel corners in both passages. The rotation effect decreased the
recirculation zones, which resulted in less fluctuation in the Nusselt number trend in the first
passage. As flow passed the bending region, the buoyancy forces reached its highest value.
Thus, the flow characteristics in this region changed.
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Figure 7-12: Heat Transfer augmentation along the channel, with different guide vane designs for
RO=0.75

It can be observed that the Nusselt number ratio was highest in this area. The Nusselt
number ratio reduced while passing the second passage of the channel. Installing the guide
vane improves the overall Nusselt number ratio along the channel, especially in the turning
region.
Figure 7-13 shows the friction factor ratio for rotational and stationary cases with and
without the guide vanes. The friction factor was higher for stationary cases. However, installing
the guide vanes decreased the friction factor for all the cases. This enhancement can be
observed mostly in rotational cases due to existence of the buoyancy forces the recirculation
zones generated near end walls started to expand and attached to the main streamflow.
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Figure 7-13: Friction factor ratio comparison in stationary and rotation cases for different guide vane
designs

The overall thermal performance for all the stationary and rotational cases is presented in
Figure 14. Some of the guide vane designs improved the thermal performance, while the other
designs did not have any effect on the thermal performance. These changes are mainly
dependent on the guide vane location and its impact on the flow separation on the turning
region. Furthermore, it needs to be considered that installing the turning the guide vanes
increase the pressure drop, which decreased the thermal performance of the guide vanes.
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Figure 7-14: Thermal Performance comparison in stationery and rotation cases for different guide vane
designs

7.4 Conclusion
In this chapter, several guide vanes, designed and installed on the turning region of a two-pass
internal cooling channel with smooth and 45-deg ribs on the bottom wall, were investigated. For
the CFD analysis, LES was implemented to investigate the flow behavior in the cooling channel.
The effect of the guide vanes on heat transfer enhancement and pressure drop were studied for
both stationary and rotational cases. The following is the summary of the findings in this study:
• In the stationary cases, thermal efficiency increased when the guide vane after the bend
(denoted by VR1) was used, while the rest of the designs had the same rate of thermal
performance.
• Installing the guide vane, in general, enhanced the heat transfer coefficient.
• In the stationary cases, installing the guide vanes reduced the pressure drop, which plays a
vital role in the study of the cooling channel.
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• In the rotational cases, the installation of the guide vanes enhanced the local heat transfer
coefficient in the turning region.
• Increasing the Reynolds number increased the Nusselt number. Additionally, for the higher
Reynolds number, the effect of the guide vanes for enhancing the heat transfer coefficient
is more significant.
• All proposed designs for the guide vanes improved the overall Nusselt number ratio.
However, for the lower Reynolds number, the VR1 case might be the best design.
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8 Conjugate Heat Transfer
8.1 Introduction
An accurate heat transfer prediction in the turbine blade cooling channels attracts designers'
interests to estimate the blade lifetime. Thus, besides the fundamental knowledge of the
convective heat transfer in fluid flow, it is necessary to perform a coupled computations
between the fluid flow and the solid body, which is also known as Conjugate Heat Transfer (
CHT). This method has been intensively used in industries for the 1D models to obtain the
actual durability of the system. In this chapter, a 3-D CHT analysis on the channel cooling
system is presented.

8.2 Numerical Set Up
The conjugate heat transfer model solves the heat transfer problem across a contact
interface, which is between different materials. In the current study, the contact interface is
between fluid and solid. Figure 8-1 shows this interface.
Fluid

Solid
𝑞𝑞̇ 𝑢𝑢

Figure 8-1: Fluid and solid interface schematic

Conjugate heat transfer problem can be solved by considering the conservation of energy,
which is the total heat flux is conserved across the interface. Thus, first, it is needed to define
boundaries for the fluid and solid region.
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Assuming A, B, ad C as linearized heat flux coefficient. Also, the temperature at the cells near
the fluid and solid boundaries is shown as 𝑇𝑇𝑐𝑐 , and the interface temperature is demonstrated by

𝑇𝑇𝑤𝑤 .For each boundary the heat flux can be calculated from below equations
𝑞𝑞̇ 𝐹𝐹 = 𝐴𝐴𝐹𝐹 + 𝐵𝐵𝐹𝐹 𝑇𝑇𝑐𝑐𝑐𝑐 + 𝐶𝐶𝐹𝐹 𝑇𝑇𝑤𝑤𝑤𝑤 + 𝐷𝐷𝑓𝑓 𝑇𝑇𝑤𝑤𝑤𝑤 4

Equation 8-1

𝑞𝑞̇ 𝑆𝑆 = 𝐴𝐴𝑆𝑆 + 𝐵𝐵𝑓𝑓 𝑇𝑇𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑆𝑆 𝑇𝑇𝑤𝑤𝑤𝑤 + 𝐷𝐷𝑆𝑆 𝑇𝑇𝑤𝑤𝑤𝑤 4

Equation 8-2

Where F and S denote the fluid and solid properties, respectively. From Equation 8-1 and
Equation 8-2, energy conservation can be obtained from the below equation
Equation 8-3

𝑞𝑞̇ 𝑆𝑆 + 𝑞𝑞̇ 𝐹𝐹 = −𝑞𝑞̇ 𝑢𝑢

Where 𝑞𝑞̇ 𝑢𝑢 is an optional user-specified heat flux that applied within the interface.

Due to the different heat transfer properties for the regions, the temperature in fluid and solid
side of the interface would be different thus, heat flux in each side can be rewritten as below
𝑞𝑞̇ 𝐹𝐹 = −

𝑞𝑞̇ 𝑢𝑢 𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤
+
2
𝑅𝑅

Equation 8-4

Where R is the thermal resistance, solving these equations for the heat flux and temperature
resulted in an accurate heat transfer behavior in the cooling channel.
For this study, similar to the previous simulations, the Star CCM+ package was utilized. Both
fluid and solid regions were defined. For the fluid region steady-state K-Omega model, with
segregated flow temperature and energy was selected. Wall Y+ treatment also was considered.
Furthermore, for the solid region, similar material as the test rig, stainless steel ( ST37), with
constant density and segregated solid energy, was considered. An implicit unsteady condition
was solved for the solid region physics.
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8.3 Results
In the application for this thesis, the conjugate heat transfer study was utilized for a smooth
wall channel and a 45-deg parallel rib wall channel. Both stationary and rotational cases were
studied.
Similar to the previous numerical study, air as coolant with a uniform velocity profile entered
the channel. Reynolds number 35000 and rotation speed of 300 rpm was used as the operation
point in both channels. For the wall boundary conditions, in the solid region, a constant heat
flux 2700𝑊𝑊�𝑚𝑚2 was applied to the bottom wall while the rest of the walls considered to be

adiabatic in the fluid region, all the walls considered to have conjugate heat transfer interface
condition. In the conjugate heat transfer studies, the main focus is to investigate the
temperature distribution at the solid and fluid interface.
8.3.1 Smooth wall Results
Figure 8-2 and Figure 8-3 illustrates the wall temperature distribution for a smooth wall

channel in stationary and rotation cases. From the figures, it can be observed for both cases,
the temperature at the bottom wall of the first passage is slightly higher than the second
passage. This higher temperature can be due to flow turbulence reduction before reaching the
turning region. As flow entered, the second passage more due to the turning effect flow
became more turbulent, and more heat was removed from the wall, which caused lower
temperatures on the second passage. Furthermore, due to the rotation, and existence of
buoyancy and centrifugal forces, recirculation, heat transfer between the coolant and the
channel walls increased. Figure 8-3 describes the lower temperature at the rotational motion.
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(a)

(b)
Figure 8-2: Temperature distribution on the solid wall of a smooth wall Channel (a) Stationary with
Re=35000, (b) Rotation with Re=35000 and 300 rpm
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(a)

(b)

Figure 8-3: Bottom wall temperature distribution for the smooth wall channel ( a) Stationary (b) Rotation

In the CHT study, it should be noted the objective is to investigate the temperature
distribution on the metal. CHT results are aligned with the presented results in chapter 5. The
temperature distribution in the LES model is slightly higher. This difference is mainly due to
considering the heat transfer between solid and fluid in the CHT model.
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8.3.2 Ribbed Wall Results
Figure 8-4 and Figure 8-5 illustrate the wall temperature distribution for the 45-deg ribbed
wall channel in stationery and rotation cases. From the figures, it can be found for both cases,
installing the ribs enhanced the heat transfer between coolant and channel wall, especially
between each rib. This enhancement results in lower wall temperature.
In stationary cases, due to the absence of buoyancy and centrifugal forces, the wall
temperature is slightly higher than the rotational case. Due to the rotation, and existence of
buoyancy and centrifugal forces, recirculation, heat transfer between the coolant and the
channel walls increased. This observation is aligned with the results presented in chapter 6 for
the 45-deg ribbed wall, where it was observed the Nusselt number in rotational cases is higher
than stationary cases.

(a)
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(b)
Figure 8-4: Temperature distribution on the solid wall of a 45-deg ribbed wall Channel (a) Stationary
with Re=35000, (b) Rotation with Re=35000 and 300 rpm
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(a)

(b)

Figure 8-5: Temperature distribution for top and the bottom wall of the 45-deg ribbed wall channel ( a)
Stationary (b) Rotation

8.4 Conclusions
In this chapter, a brief introduction of the advantage of the conjugate heat transfer model is
presented. A fully developed coupled conjugate heat transfer simulation is performed on a
smooth and ribbed wall channel. The simulations set up based on fully developed flow and heat
transfer boundary conditions. An unsteady state solver and steady-state solver are coupled to
solve the heat transfer problem in the solid and fluid regions, respectively.
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The current results were compared with the results from previous chapters, where only the
fluid domain was considered. Numerical results comparison showed that the temperature
distribution trend is the same in both LES and CHT calculations.
In cooling systems, one of the most important objectives is to obtain a uniform surface
temperature distribution. The presented coupled CHT model is capturing the more accurate
temperature distribution along the channel. Thus, proposing an optimum cooling system would
be more specific.
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9 Overall Conclusions and Recommendations
The gas turbine design mainly involves finding a balance between maximizing power
generation and engine lifetime capability. Gas turbine power generation is directly related to
the inlet mass flow and temperature. Thermal stresses are one of the main factors that reduce
gas turbine performance and life. Besides the thermal stresses, the rotational motion brings a
significant amount of mechanical stress to the rotor and the blade parts. The combined effect
of rotational and high operating temperatures dramatically reduces the gas turbine
components, especially the blades. Thus, optimizing the cooling system for the gas turbine
components becomes a priority to increase the reliability of the application.
In the presented work, the focus is on investigating the physical phenomenon in blade
cooling channels and using a suitable numerical method, which provides a realistic result for
industrial turbine blades. Here are the main findings of this research.
Numerical setup for heat transfer investigation
Due to the complex flow behavior in the cooling channels, utilizing the best numerical
approach to solve the heat transfer equation is crucial. Between the various methods, RANS
models mainly rely on isentropic flow assumption, which allows mostly to capture the small
unsteady scale. However, the LES model is more adaptive to solve any scale turbulent
configurations. In the blade cooling systems, the main phenomena are large separated flows.
Hence, the LES model is more suitable for investigating the complex flows in the cooling system.
The reliability of resolving a simulation is related to the number of mesh, especially for the
LES model. In this research, a novel approach for finding a correct mesh size has been
introduced. This approach is coupling the RANS model with Kolmogorov length and Taylor
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Microscale concepts to find the right cell size for the LES model that can assure the smallest
scales in the turbulent spectrum can be solved. Besides the LES model, a coupled conjugate
heat transfer model is implemented for a smooth and ribbed wall channel. While various CHT
combinations can be used to solve the heat transfer, here a steady sate fluid and unsteady
state solid solver are employed. This coupling approach is close to the CHT approach that is
used in the industry.
The calculated Nusselt number and temperatures from the CFD were compared with the
experimental data form the same size channel geometry. A good agreement between the two
data sets is observed, which confirms the validity of both CFD models and results.
Heat transfer investigation for a smooth wall with high rotation
Several physical parameters are investigated for both stationary and rotational cases. Results
from this part identify the importance of rotation, inlet velocity, on the heat transfer
coefficient. In the stationary cases, the time-averaged Nusselt number enhancement varies
from 22 to 53 as Reynolds number increased from 6000 to 35,000. Also, it is shown under the
constant rotational speed, the variation of the Nusselt number is independent of the rotation
number changes. Increasing the Reynolds number enhanced the local time-averaged Nusselt
number, which is a similar trend, which was observed in stationary cases.
Furthermore, the combined effect of the Reynolds number and rotational speed enhances the
buoyancy and centrifugal forces, which results in an enhancement in the Nusselt number in
both passages. In the bending region, maximum buoyancy force can be observed, which is one
of the main reasons for the significant Nusselt number increase in this region.
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From the smooth wall results in a heat transfer correlation for calculating local Nusselt number
for a developing flow passing the channel was proposed. This correlation is used to calculate
the reference Nusselt number.
Effect of Rib turbulator on the heat transfer coefficient in a channel with 1:1 aspect ratio
For this part, the objective is to investigate the geometrical factors such as rib geometry,
installation configurations, and rib spacing effects on the heat transfer coefficient. Thermal
performance, which is the ratio between the Nusselt number and pressure drop, is used as the
factor in identifying the optimum rib configuration for the channel in this study. From the
results, it can be concluded in the parallel rib configurations, 45-deg rib with Rib-Pitch-to-Ribheight ten has the best performance compared with the other 90-deg and 60-deg ribs.
Additionally, the V-shape rib, regardless of the installation configurations, has the highest
thermal performance.
Turning guide vane effect on the heat transfer and pressure drop in square U-bend channel
A novel turning guide vane concept is introduced, and various designs have been
implemented. From the results, it is concluded, having a turbulator at the turning region where
the flow behavior is unpredictable, helps to reduce the recirculation zones near the channel
edges. Reducing these zones increases the flow turbulence and mixing, resulted in an increase
in the Nusselt number coefficient at the turning region and second passages.
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